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Preface 


Squamous cell carcinoma of the oral cavity (SCCOC) is one of the most prevalent 
tumors of the head and neck region. Despite improvements in treatment, the sur- 
vival of patients with SCCOC has not improved significantly over the past several 
decades. Most frequently, treatment failure takes the form of local and regional 
recurrences, but as disease control in these areas improves, SCCOC treatment fail- 
ures more commonly occur as distant metastasis. The presence of cervical lymph 
node metastasis is the most reliable adverse prognostic factor in patients with 
SCCOC, and extracapsular spread (ECS) of cervical lymph nodes metastasis is a 
particularly reliable predictor of regional and distant recurrence and death from 
disease. Decisions regarding elective and therapeutic management of cervical 
lymph node metastases are made mainly on clinical grounds as we cannot always 
predict cervical lymph node metastasis from the size and extent of invasion of the 
primary tumors. Therefore, the treatment of the neck disease in the management of 
SCCOC remains controversial. The promise of using biomarker-based treatment 
decisions has yet to be fully realized because of our poor understanding of the 
mechanisms of regional and distant metastases of SCCOT. This book summarizes 
the contemporary approaches to clinical and radiographic assessment and primary 
and adjuvant treatment of oral cancer metastases, and also explores the current 
status of investigations into SCCOC metastases and the potential of these studies to 
positively impact the clinical management of SCCOC in the future. 
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Chapter 1 

Oral Cancer Overview: The Significance 
of Metastasis and Surgical Management 
of the Neck 


Eugene N. Myers 


Abstract Squamous cell carcinoma of the oral cavity has the propensity to 
metastasize to the cervical lymph nodes even in the early stages. The presence of 
lymph node metastasis is the most significant independent variable in determining 
survival of patients with cancer of the head and neck. Therefore, the diagnosis 
and management of cervical lymph node metastasis is one of the most important 
responsibilities of the head and neck oncologist. 

The management of the neck in patients with cancer of the oral cavity has gone 
through several cycles. Initially, it was thought that the removal of the primary 
cancer from the oral cavity without paying attention to the neck was sufficient. 
However, this policy of "waiting and watching the neck" resulted in approximately 
one-third of the patients developing recurrence in the neck; some of these recur- 
rences were not operable, and therefore, the majority of these patients died of their 
cancer. 

Neck dissection has evolved from radical neck dissection for patients with clini- 
cally detectable disease in the neck to selective neck dissection for patients who 
have N Q or N+ neck and a "super"-selective neck dissection for patients who have 
persistent disease following chemoradiation. Although the use of the selective neck 
dissection in patients with an N 0 neck has not improved the cure rate, it has had a 
major positive impact on regional disease-free survival and has decreased the mor- 
bidity associated with surgical management of the neck. 

The evolution of the neck dissection and its current use in the management of 
patients with cancer of the oral cavity are the subject of this chapter. 
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Introduction 

Squamous cell carcinoma of the oral cavity has a propensity to metastasize to the 
cervical lymph nodes even in the early stages. The presence of lymph node metas- 
tasis is the most significant independent prognostic variable in determining survival 
of patients with cancer of the head and neck (Fig. 1.1) (Hollenbeak et al. 2001). 
Therefore, the diagnosis and treatment of cervical lymph node metastasis are the 
most important responsibilities of the head and neck oncologist. 

There are several important demographic factors that also appear to impact sur- 
vival. According to the surveillance epidemiology and end results (SEER) data for 
cancer of the oral cavity, the 5 -year relative survival rate for the group of older 
patients was lower than the corresponding value for the younger group (Fig. 1.2) 
(Funk et al. 2002). 

The 5-year relative survival rates for males was significantly lower than that for 
females (Fig. 1.3) (Funk et al. 2002). The 5-year relative survival rate for African- 
Americans is significantly worse than that whites (Fig. 1.4) (Funk et al. 2002). 



25% 


0% 1 

0 12 24 36 48 60 72 84 96 108 

Months 

Fig. 1.1 Survival for patients with (»= 9,938) lymph node involvement from the SEER database, 
computed based on the Kaplan-Meier method (P<0.0001). Reprinted with permission of Wiley- 
Liss Inc., a subsidiary of John Wiley & Sons, Inc. (Hollenbeak et al. 2001) 
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AGE 

1 
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4 

5 

95% CIs 

CASES 

35 or younger 

87.5 

72.3 

67.5 

65.0 

63.7 

59.1 /68.2 

520 

36-65 

82.7 

67.4 

59.7 

54.9 

51.0 

50.1 /52.0 

14215 

66 or older 

76.7 

62.5 

56.0 

51.1 

47.6 

46.3/48.8 

12846 


Fig. 1.2 Five-year relative survival by age for oral SCC cases, 1985-1991. Five-year survival 
rates for all age groups were significantly different (95% confidence level) (95% CI: 95% confi- 
dence interval for 5-year relative survival). Reprinted with permission of John Wiley & Sons., Inc. 
(Funk et al. 2002) 


A recent study of patients with cancer of the head and neck disclosed that there 
was a definite decrement in survival for individuals who did not have health care 
insurance, a difference presumably due to lack of access to health care (Chen et al. 
2007). Goodwin et al. in a recent provocative article concluded that "Black 
Americans clearly bear a greater burden of head and neck cancer. The underlying 
causes are largely unknown but are most likely due to a complex interplay of 
differences in access to health care, quality of medical care, biologic/genetic factors, 
incidence of comorbid conditions, exposure to carcinogens, diet and cultural 
beliefs" (Goodwin et al. 2008). 

Squamous cell carcinoma of the oral cavity is the most frequently encountered 
malignant tumor of the upper aerodigestive tract and accounts for 3% of all cancers 
in the United States (Greenlee et al. 2000). Throughout the world, cancer of the oral 
cavity is more frequent in regions where the use of tobacco and alcohol is high. The 
highest worldwide standardized incidence rate of cancer of the oral cavity is in 
France and the lowest rate is in Japan. It is estimated that 5,700 people die from 
cancer of the oral cavity in the United States each year (Chen and Myers 2001). 
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Female 

80.8 

67.6 

61.5 

57.3 

54.0 

52.8 / 55.2 

10726 


Fig. 1.3 Five-year relative survival by sex for oral SCC cases, 1985-1991. Five-year relative 
survival rate for males was significantly lower than for females (95% confidence level). (95% CI: 
95% confidence interval for 5-year relative survival). Reprinted with permission of John Wiley & 
Sons., Inc. (Funk et al. 2002) 

In Western countries, most of the tobacco-related cancers in the aerodigestive tract 
are related to cigarette smoking, whereas in Southeast Asia, a significant number of 
cases of squamous cell cancer of the oral cavity result from the use of betel nuts 
and pan, a mixture of betel nuts, tobacco, and slaked lime wrapped in a leaf. 

Cancer of the head and neck was not a very common problem prior to the latter 
half of the nineteenth century. The increased incidence of these cancers is linked to 
the development of the mechanized production of cigarettes in factories. These 
factories made cigarettes readily available at a low price, which led to widespread 
addiction and the subsequent increased incidence of cancer of the head and neck 
(Klein 1996) (Fig. 1.5). 


Diagnosis 

The diagnostic approach to the mass in the neck depends on a variety of factors 
including the age of the patient, the time of appearance and the topographic 
location of the mass, and any associated symptoms. Hayes Martin, the "Father of 
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33.2 / 37.8 

2522 

Other 

79.4 

632 

58.9 

51.5 

50.1 

44.3/56.0 

442 


Fig. 1.4 Five-year relative survival by race for oral SCC cases, 1985-1991. African-Americans 
demonstrated significantly lower 5-year relative survival than the other two groups (95% confi- 
dence level). (95% CI: 95% confidence interval for 5-year relative survival). Reprinted with per- 
mission of John Wiley & Sons., Inc. (Funk et al. 2002) 

Modern Head and Neck Surgery" and Chief of the Division of Head and Neck 
Surgery at the Memorial Sloan-Kettering Cancer Center in New York City stated 
that in adult patients, the majority of the unilateral masses in the neck are malignant 
(Martin et al. 1951). By means of a thorough history and physical examination, and 
with the judicious use of laboratory studies and imaging, an accurate diagnosis can 
be made in the vast majority of these patients. 


History and Physical Examination 

Cancer of the oral cavity does not usually present much of a diagnostic dilemma. It 
is very important, however, to include the patient's past medical history in order to 
identify any comorbidities, which might play an important role in determining the 
management program. The social history is also quite important, because most of 
the patients with cancer of the oral cavity have been, or currently are, smoking ciga- 
rettes and consuming alcohol. 
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Fig. 1.5 The smoking chorus of cigarette makers, in the 1952 production of Carmen at the 
Metropolitan Opera, New York (Klein 1996). Reprinted with permission from the University of 
Nebraska Press 

Since surgery is usually the key to successful management of cancer of the oral 
cavity, it is important for the surgeon to know what quantity of alcohol is being 
consumed because acute alcohol withdrawal following surgery often leads to 
delirium tremens. Prior to the availability of intravenous fluid administration, reliable 
and easily titrated sedation, and ventilatory support, this condition was often fatal. 
In the modern era, it is almost always managed successfully but at a very high cost 
since the patients usually spend 7-10 days on the ventilator in the Intensive Care 
Unit under sedation until the event has been adequately treated. The dollar cost for 
such treatment, added onto the costs of the actual surgery and reconstruction, 
amounts to resources that could have been conserved had the patient undergone a 
systematic, carefully monitored program of alcohol/withdrawal preoperatively. 
A subset of patients will develop a similar problem with acute nicotine withdrawal, 
which is also preventable. 

The physical examination remains an important aspect of the initial evaluation. 
A complete inspection of the oral cavity with palpation of the lesion and surrounding 
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tissues is important and provides a great deal of information as to the surface dimensions 
of the lesion and the depth of invasion. A tumor map should be created documenting 
the size and location of the tumor. Examination of the upper aerodigestive tract is 
vital in determining whether any other primary cancers are present. Palpation of the 
neck is of vital importance and is fundamental in determining whether the patient's 
tumor is operable. Fixation of cervical lymph node metastases is a sign of inoperability. 
Measuring the metastatic lymph nodes is essential for accurate staging. The measure- 
ments and location of metastatic nodes should also be documented on the tumor 
map. It is also very helpful as a baseline in the event the patient is treated nonsurgi- 
cally in order to measure the progress of the treatment program. 


Imaging 

Imaging plays a vital role in the diagnosis and staging of metastatic cancer in the 
neck, and this will be covered in a comprehensive fashion in Chap. 2, "The Role of 
Diagnostic Imaging in Identifying Cervical Metastases in Oral Cavity Cancer." The 
most commonly used imaging studies have been computed tomography (CT), 
magnetic resonance imaging (MRI), and ultrasound (US). A newer modality, 
positron emission tomography (PET)-CT, has an expanded role in the evaluation 
of the patients with cancer of the head and neck, particularly in identifying cancer 
elsewhere, both related and unrelated to the cancer of the oral cavity. The role of 
sentinel node biopsy (SNB), using radioactive imaging techniques, has received a 
great deal of attention in recent years, and its utility is being evaluated. This topic 
will be covered in Chap. 3, "Sentinel Node Biopsy in Oral Cancer." 

CT scanning is the imaging modality most frequently used in the evaluation of 
the cervical lymph nodes. It has been shown to be more sensitive and more specific 
than physical examination alone (Gavilan et al. 2003). MRI is used somewhat less 
but remains valuable because it is the best method for evaluation of perineural inva- 
sion associated with the primary cancer and gives very good definition to study the 
extent of cancer invasion into the tongue musculature. Squamous cell carcinoma 
metastatic in the lymph nodes tends to undergo necrosis, leading to filling defects 
within otherwise enhancing lymph nodes. Necrosis is more often evaluated with CT 
rather than MR and should be considered a suspicious finding for metastatic cancer 
even when the node is smaller than 10 mm (Bennett et al. 2007). Extracapsular 
spread (ECS) of cancer may be appreciated on CT scan as a blurring of the margin 
of the lymph node. Infiltration of the surrounding tissues may also be identified. 

Ultrasound is a fast, safe, and inexpensive study that helps in the differentiation 
of benign from malignant tumors. This is highly operator dependent, but combined 
with fine-needle aspiration biopsy, the sensitivity and specificity of this test are 
increased (Gavilan et al. 2003). 

Another interesting but not commonly used technique for indications for surgery 
of the neck is the measurement of tumor thickness of carcinoma of the oral tongue. 
Yuen et al. concluded that oral sonography has a satisfactory accuracy in the 
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measurement of tumor thickness and is a useful adjunct in assisting pretreatment 
staging for prognosis and evaluation of carcinoma of the oral tongue (Yuen et al. 2008). 
Many studies have demonstrated that tumor thickness, rather than the surface diam- 
eter, is a more significant factor in predicting subclinical nodal metastatis, local recur- 
rence, and survival in carcinoma of the oral tongue (Yuen et al. 2000, 2002; Kurokawa 
et al. 2002; Ocharoenrat et al. 2003; Lim et al. 2004; Sparano et al. 2004). 

The role of SNB for oral and oral pharyngeal squamous cell carcinoma of the 
head and neck is still being defined Hart et al. 2007 (Rigual et al. 2005). Stoeckli 
(2007) studied 79 patients and concluded that SNB is technically feasible and 
reproducible with the highest sentinel node detection rate. Validation against selec- 
tive neck dissection revealed a negative predictive value of 100%. Application of 
the SNB concept in clinical practice was very successful; the recurrence rate within 
the neck was very low, and the morbidity caused by elective neck dissection could 
be spared in 60% of the patients. 

Ross et al. (2004) also concluded that SNB can be successfully applied to Tl and 
T2 cancers of the oral cavity and oral pharynx in a standardized fashion by centers 
worldwide. For the majority of these tumors, SNB technique can be used as a staging 
tool. At the Second International Conference on the Sentinel Node Biopsy for the 
Head and Neck Cancer, the delegates from 20 countries discussed technical and 
clinical aspects and clinical results. Their report confirmed the high accuracy and 
reliability of SNB for early oral and oral pharyngeal squamous cell carcinoma 
(Stoeckli et al. 2005). 


Staging 

Pretreatment staging constitutes the basis for an adequate selection of therapy in 
patients with cancer of the oral cavity. The clinical evaluation should be followed 
by a biopsy to stage the primary cancer and imaging of the regional lymph nodes 
and distant sites, particularly the lungs. Proper staging can then be carried out in 
accord with the following table (Gavilan et al. 2003) (Fig. 1.6). 

The American Academy of Otolaryngology Head and Neck Surgery Foundation 
has adapted the Memorial Sloan Kettering Zone System to define the six levels of 
the neck (Werning and Mendenhall 2007; Robbins 2001, Robbins et al. 2008b) 
(Figs. 1.7 and 1.8). 


Surgical Management of the Neck 

The tongue is the most common site in the oral cavity for the development of 
squamous cell carcinoma (Chen and Myers 2001). In a review of 3,308 cases 
treated at The University of Texas M. D. Anderson Cancer Center between 1970 
and 1999, 30% of all oral cancers were located on the tongue; the next most common 
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Regional Lymph Nodes (N) 

NXRegionallymphnodes cannot be assessed 
NO No regional lymph node metastasis 

°N1 Metastasis in a single ipsilateraUymph node, 3cm or less m greatest 

dimension 

°N2 Metastasis in a single ipsilateral lymph node, more than 3 cm but 

not more than 6 cm in greatest dimension, or in multiple 

ipsilateral lymphnodes. none more than 6 cm in greatest 

dimensions; or in bilateral or contralateral lymphnodes, 

none more than 6 cm in greatest dimension 
°N2a Metastasis in single ipsilateral lymph node more than 3 cm but not 

more than 6 cm in greatest dimension 
°N2b Metastasis in multiple ipsilateral lymphnodes, none more than 

6 cm in greatest dimension 
°N2c Metastasis in bilateral or contralateral lymph nodes, none more 

than 6 cm in gretest dimension 
°N3 Metastasis m a lymph node more than 6 cm in greatest dimension 

°Note: a designation of "U" or "L" may be used to indicate metastasis above 
the lower border of the cricoid (U) or below the lower border of the 
cricoid (L). 

Fig. 1.6 UICC and AJCC definitions of the nodal categories for all head and neck sites (except 
thyroid). Reprinted with permission from Elsevier (Gavilan et al. 2003). Used with the permission 
of the American Joint Committee on Cancer (AJCC), Chicago, Illinois. The original source for 
this material is the AJCC Cancer Staging Manual, Sixth Edition (2002) published by Springer- 
Verlag, New York, http://www.springer-ny.com 



Fig. 1.7 The six levels of the neck. From Robbins (2001), with permission 
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Fig. 1.8 The six sub levels of the neck. From Robbins (2001), with permission 

sites in descending order include the floor of the mouth; retromolar trigone, alveolar 
ridge, hard palate, and buccal mucosa. 

The treatment of early-stage cancer (T1-T2) is usually surgery alone. Later- 
stage lesions (T3-T4), patients who have perineural involvement in the primary 
cancer or metastasis to multiple cervical lymph nodes or ECS, are usually treated 
with a combination of surgery and postoperative radiation or chemoradiation. Good 
local control can be achieved by surgery alone, but the overall successful treatment 
of cancer of the oral cavity depends upon the appropriate treatment of the cervical 
lymph nodes. 

The surgical anatomy of the lymphatics of the head and neck has been well 
researched. The publications of Trotter in 1930 on the surgery of the lymphatics 
of the head and neck is a classic (Trotter 1930). The definitive modern work on the 
human lymphatic system was published in 1932 by Rouviere (1932). Rouviere's 
work led to the development of a classification of the cervical lymph nodes 
according to their topography. 

Before the early nineteenth century, there is no mention of a surgical procedure 
capable of controlling metastatic cancer to the cervical lymph nodes. The impor- 
tance of cervical lymph node metastasis and the management of cancer of the head 
and neck was first reported in 1847 by Chelius (1847) in Ferlito et al. (2007). The 
development of ether anesthesia in the mid nineteenth century and the development 
of increased numbers of patients with of head and neck cancer coincided and made 
head and neck surgery possible. 
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Kocher (1880) recommended that positive lymph nodes be removed with a more 
ample resection margin and introduced what has come to be known as the Kocher 
incision, which provides better exposure. In 1881, Packard supported the recom- 
mendation that the submandibular and sublingual glands should be removed in the 
management of cancer of the tongue (Packard 1881). 

Jawdynski, a Polish surgeon, performed the first lymph node dissection for 
metastatic cancer in 1888 (Jawdynski 1888; Ferlito et al. 2007). Jawdynski's work 
was not recognized until recently because it had been published in an obscure 
Polish medical journal. 

We think of the systematic use of the selective neck dissection as being a rather 
recent development, but in fact, Butlin introduced this concept 123 years ago 
(Ferlito and Rinaldo 2005) (Fig. 1.9). 

Sir Henry T. Butlin in London in 1885 noted that "every patient with cancer of 
the tongue must be regarded as having metastasis to the neck" and he advised the 
routine use of the elective dissection of the cervical lymphatics in the treatment of 
cancer of the tongue "because, if not, within 8 months after the operation on the 
tongue, cervical metastasis will become apparent" (Butlin 1885). 

Butlin mentioned two alternative forms of management: "removal of the lymph 
nodes, though not enlarged, which correspond with the affected portion of the 
tongue, just as the axillary glands are excised as part of the routine operation for 
cancer of the breast or remove the glands as soon as the slightest enlargement of 
them is apparent." In his experience with 197 patients with cancer of the tongue, 
Butlin always excised the primary cancer 2 weeks before the operation, which 
would today might be described as a modified radical neck dissection. He com- 
pared the results of the 78 patients submitted to neck dissection with those of 44 
patients treated with excision of the primary only. The 3-year survival rate was 42% 
in the neck dissection group, compared with 29% in those having excision of the 
primary. He also observed that 59% of patients who had no palpable lymph nodes 
at the time of initial visit survived 3 years in contrast to the 32% of patients who 
had palpable adenopathy. Thus, the concept of elective neck dissection was born. 


Fig. 1.9 Henry T. Butlin (1845-1912). From Ferlito 
and Rinaldo (2005) 
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Fig. 1.10 George W. Crile (1864-1943). From Ferlito 
and Rinaldo (2005) 



Butlin advised the "removal of ipsilateral nodes in all cases until ways of telling 
'dangerous from less dangerous forms' of tongue cancer were available." More 
than a century later, we are still looking for a means of diagnosing occult metastasis 
to the neck to fulfill Butlin 's prophecy. 

George Crile of the Cleveland Clinic was the first surgeon in the United States to 
actually publish a paper on the systematic approach to neck dissection (Ferlito and 
Rinaldo 2005) (Fig. 1.10). His work entitled "On the Surgical Treatment of Cancer of 
the Head and Neck" in 1905 summarized his experience with 121 operations performed on 
105 patients (Crile 1905). In 1906, he published a similar paper in the Journal of the 
American Medical Association, reporting on 132 cases of cancer of the head and neck 
(Crile 1 906). The paper is richly illustrated with clear drawings and his personal experience 
with this surgical procedure. While similar to the paper published in 1905, it appeared 
in a high profile journal with a large readership; it is the paper most frequently cited and 
identified Crile as the leader in the field. It should be said that, although Dr. Crile's name 
is indelibly linked with the radical neck dissection, careful examination of the illustra- 
tions and discussion in his papers indicates that he also advocated supra-omohyoid neck 
dissection in patients with cancer of the tongue. Although Crile is often referred to as the 
"grandfather of radical neck dissection," he is actually the grandfather of neck dissection 
in its various modified forms (Crile 1905, 1906). 

Radium and radon seed implants were commonly used to treat metastasis to the neck 
because external beam radiation therapy was in a very primitive state and was not used 
very often because of severe side effects. Despite Crile's contribution, radical surgery 
of the head and neck was also not frequently used because it was quite dangerous. After 
World War U, improved anesthesia techniques, the availability of antibiotics, and blood 
banking permitted advances in radical resections of cancer of the head and neck. 

Dr. Hayes Martin (Fig. 1.11) became the Chief of the Head and Neck Service at 
Memorial-Sloan Kettering Hospital in 1934 and popularized the radical neck 
dissection (Martin et al. 1951). By 1950, 190 neck dissections had been performed 
at Memorial Hospital (Martin et al. 1951). Dr. Martin advocated exclusively the 
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Fig. 1.11 Dr. Hayes Martin (1892-1977). From Ferlito 
and Rinaldo (2005) 


Fig. 1.12 Dr. John Conley (1912-1999) 



classical radical neck dissection, which included removal of the contents of the neck, 
including the spinal accessory nerve, the internal jugular vein, and the sternocleido- 
mastoid muscle. 

Dr. John Conley also strongly advocated radical neck dissection and said that 
"the radical neck dissection is the key to controlling metastatic cancer in the neck" 
(Conley 1967; Ferlito and Rinaldo 2005) (Fig. 1.12). Unfortunately, despite the 
radical procedure, there was a high recurrence rate in advanced-stage metastatic 
cancer. There was also a marked downgrading in the cosmetic appearance of the 
patient and a decreased functionality of the shoulder and arm. Bilateral radical neck 
dissection (RND) caused disfigurement because of severe facial edema and 
occasional blindness and/or death. 

In 1952, Dr. Osvaldo Suarez, an otolaryngologist and anatomist from Argentina, 
developed the "functional neck dissection" (Ferlito and Rinaldo 2004). He recognized 
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Fig. 1.13 Dr. Ettore Bocca (1914-2003). From Ferlito 
and Rinaldo (2005) 



that the lymph nodes were enclosed in the fascial planes of the neck and observed 
that by respecting these fascial planes, the lymph nodes in the neck could be 
removed while preserving the very important structures such as the spinal accessory 
nerve, the internal jugular vein, and the sternocleidomastoid. This was a considerable 
improvement because the sternocleidomastoid muscle, which provides a major 
component of the contour of the neck, and the function of the spinal accessory function 
are preserved. In the 1960s, Dr. Ettore Bocca (Fig. 1.13) (Ferlito and Rinaldo 2005) 
and Cesar Gavilan popularized the functional neck dissection in Europe (Ferlito 
and Rinaldo 2004). 

Byers, in 1985, reported that during the 1960s Ballantyne and others at the 
M. D. Anderson Cancer Center had begun to explore the possibilities of a less than 
radical neck dissection in which the lymph nodes with the highest potential for 
metastatic involvement were removed and the surrounding anatomic structures not 
grossly invaded with tumor were preserved (Byers 1985). When multiple positive 
nodes, unilateral or bilateral, were discovered on pathologic examination or if ECS 
was identified, postoperative radiation therapy was added to the treatment of the 
neck. This improvement in regional control set the stage for a conceptual revolution 
in the surgical treatment of cervical metastasis from squamous cell carcinoma of 
the head and neck. 

The classic work of Shah was extraordinarily important in identifying the 
orderly progression of metastatic disease in the neck. He reported, in 1990, a series 
of 1,081 patients who had undergone radical neck dissection and pointed out that 
cancer of the oral cavity is most likely to metastasize to levels I, II, and III, and oral 
tongue cancers to level I to IV (Shah 1990). This information has led the way to a 
more coherent approach to the neck, and, in fact, the lymph node groups removed 
by the selective neck dissections are based on Shah's findings. 

The Committee for Head and Neck Surgery and Oncology of the American 
Academy of Otolaryngology - Head and Neck Surgery, which was chaired by 
Dr. K. Thomas Robbins, published a pamphlet on standardized neck dissection 
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1 . Radical neck dissection is considered to be the standard basic procedure for cervical 
lymphadenopathy. All other procedures represent one or more alterations of this procedure. 

2. When the alteration involves preservation of one or more nonlymphatic structures routinely 
removed in the radical neck dissection, the procedure is termed modified radical neck 
dissection. 

3. When the alteration involves preservation of one or more lymph node groups routinely 
removed in the radical neck dissection, the procedure is termed selective neck dissection. 

4. When the alteration involves removal of additional lymph node groups or nonlymphati c 
structures not typically removed in the radical neck dissection, the procedure is termed an 
extended radical neck dissection 

From: Robbins, K T. 200 1 . Pocket Guide to Neck Disection Classification and TNM Staging o Head 
and Neck Cancer . 2nd ed. Alexandria: American Academy of Otolaryngology-Head and Neck 
Surgery Foundation. (Robbins 2001) 

Reprinted with permission from American Academy of Otolaryngology - Head and Neck Surgery 
Foundation, Inc. 

Fig. 1.14 Conceptual guidelines for neck dissection classification. From Robbins (200 1 ) Robbins 
et al. (2008b). Reprinted with permission from American Academy of Otolaryngology - Head and 
Neck Surgery Foundation, Inc. 


terminology in 1991 (Fig. 1.14) (Werning and Mendenhall 2007). The various types 
of neck dissections were described based on the different lymph nodes levels, and 
some of the levels were subdivided into several compartments. 

The use of the elective neck dissection can be thought of as a continuing evolution- 
ary cycle which, in contrast to other evolutionary cycles such as the dinosaur, does not 
necessarily mean that the RND or modified radical neck dissection (MRND) is no 
longer in use. Quite the contrary, for patients with advanced- stage cervical lymph node 
metastases, the RND or MRND remains the mainstay of treatment. However, throughout 
the world, the selective neck dissection (SND) appears to be more consistently accepted 
for use in patients with the N Q neck and in selected cases of N t — N 2 neck metastasis. 

In the 1970s, in our Department at the University of Pittsburgh the approach for 
most patients with squamous cell carcinoma of the head and neck was to do an 
RND on patients with an N+ neck and "observation" for patients with an N Q neck, 
with salvage surgery (RND) in patients who developed metastatic cancer to the 
neck (Schramm et al. 1980). Over the ensuing decades, with the trends toward more 
limited surgery in other tumor systems such as breast cancer and osteogenic sar- 
coma, we increasingly used more limited neck dissections because the morbidity 
associated with RND, both in terms of cosmesis and functionality, is significant 
(Myers and Gastman 2003) (Fig. 1.15). As we studied several series of patients, it 
also became clear that some of the patients in the observation group had presented 
late with inoperable cancer in the neck. Therefore, we continued with RND as a 
treatment of choice because of our concern over the poor prognosis associated with 
ECS in cervical lymph nodes. 
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Fig. 1.15 Patient with classic radical 
neck dissection demonstrating cosmetic 
deformity of the neck associated with 
dropped shoulder and a concave appear- 
ance. Reprinted with permission of the 
American Medical Association (Myers 
and Gastman 2003) 



Extracapsular Spread 

Professor Gordon Snow from Amsterdam, in 1979, presented a very important 
paper at the American Society of Head and Neck Surgeons (Snow et al. 1982). He 
reported that ECS in cervical lymph nodes carried a very poor prognosis based on 
both regional recurrence and development of distant metastasis. In his publication 
in 1982, the term "extracapsular spread" was introduced into the United States 
for the first time. Before that time, the term "soft tissue invasion" was associated 
with advanced lymph node metastasis, fixed deeply because of the invasion of the 
adjacent soft tissue. Snow's publication was also extremely important because 
he stated that 75% of patients with lymph nodes measuring more than 3 cm in 
diameter (N t ) would be found to harbor ECS. This meant that by the time that the 
patient or physician could palpate a mass in the neck, there was already a 75% chance 
that ECS would be present, providing a high degree of correlation with the poor 
prognosis. Even more frightening was the observation that ECS could be found in 
lymph nodes less than 1 cm; in such cases, ECS is usually undetectable by physical 
examination or imaging. Dr. Snow was stimulated by the work of Professor Yves 
Cachin, the Chief of Head and Neck Service at the Institute Gustave Roussy in 
France, who pointed out the same poor prognosis in what he referred to as "capsular 
rupture" (Cachin 1977). 

Energized by Professor Snow's presentation, we carried out a study entitled 
"The ECS of tumor in cervical node metastasis" to validate these very important 
observations (Johnson et al. 1981). We examined specimens from 177 RNDs and 
surprisingly found no substantial difference in survivorship between patients who 
had no metastatsis in the cervical lymph nodes and another group of patients 
who had metastasis confined to the lymph nodes. However, the 2-year survivorship 
in patients with ECS was dramatically lower than in either of the above groups. 
This study was the first in the United States to systematically study this problem 
and call attention to the poor prognosis associated with ECS. 
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In a subsequent study published in 1985, we examined the records of an 
additional 349 patients who had undergone 371 RNDs and again demonstrated the 
dramatic reduction in survival with the finding of ECS when compared with a 
cohort of patients with similar- staged disease who had metastasis confined to the 
lymph nodes or to those patients who had no cervical lymph node metastasis 
(Johnson et al. 1985). The mean disease-free interval between surgical therapy and 
the development of recurrent disease was less than 18 months, and the patients with 
ECS had a higher incidence of regional recurrence and distant metastasis and a 
reduced disease-free survival. This study supported the original observation that 
ECS was an indicator of poor prognosis. These findings made our surgical group 
reluctant to do less than an RND because of the high rate of regional recurrence. 
Since the publication of our observations, the presence of ECS has become well 
recognized and has become an important feature in the management of squamous 
cell carcinoma of the head and neck. ECS is also now mentioned in articles on other 
types of tumors in the head and neck, such as melanoma, and thyroid and salivary 
gland tumors; although intuitively this finding cannot be good, it has not been 
systematically studied in the other tumor types. 

The prognostic importance of ECS is illustrated by two recent retrospective studies 
at M. D. Anderson Cancer Center where the treatment records of 266 patients with 
cancer of the oral tongue were reviewed (Myers et al. 2001; Greenberg et al. 2003). 
In this series, the 5-year DSSS was 88% for pN 0 patients and 59% for pN+ patients. 
The risk of dying from cancer of the oral tongue was at least twice as great in patients 
with pN+ disease, with or without ECS, compared with patients with pN 0 disease. 
Five-year DSS was 66% in patients without ECS and 48% in patients with ECS. 

With our own similar experience in the early 1980s, we treated all patients with 
ECS with postoperative radiation therapy as suggested by Professor Snow. However, 
we found that, although patients with ECS treated with surgery and radiation therapy 
had an improved regional control rate, they still had a poor survival rate. As a result 
of these observations, we instituted a program of adjuvant chemotherapy for those 
who would accept it. We published the results of a prospective nonrandomized study 
in which patients with ECS who had been treated with surgery and postoperative 
radiation were offered outpatient chemotherapy consisting of 18 courses of metho- 
trexate and 5-fluorouracil. We were encouraged by the fact that the determinant 
5 -year disease-free survival rate was 54% for the patients treated with chemotherapy 
compared with the 17% for those who did not have chemotherapy. Each group was 
comparable in terms of cancer stage and Karnofsky's score (Johnson et al. 1987). 
With these improved results and with the development of better forms of chemo- 
therapy, we have continued our program of treating these high-risk patients with 
ECS with concomitant postoperative chemoradiation using carboplatinum. These 
promising results were reported in Cancer (Johnson et al. 1996). While not generally 
accepted, this work has, in a way, been validated in a prospective randomized study 
of surgery, radiation, and chemotherapy by Bernier et al. (2004). The best survivor- 
ship results were achieved in patients who had surgery followed by adjuvant chemo- 
radiotherapy as compared with those who had surgery alone or radiation therapy 
alone (Ambrosch and Brinck 1996; Enepekides et al. 1999). 
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In a review of 35 years experience with postoperative radiation for squamous 
cell carcinoma of the oral cavity, Hinerman et al. from the University of Florida 
reported that the local control rate in patients with ECS was 31% at 3 years after 
surgery alone versus 66% at 3 years after surgery followed by radiation therapy. 
Disease-free survival at 3 years was 25% with surgery alone and 45% after com- 
bined modality treatment (Hinerman et al. 2004). 

Since it has been demonstrated in multiple publications that ECS portends a 
poor prognosis and that many patients having ECS benefit from postoperative 
radiation therapy, there should be a hightened vigilance in terms of determining 
the exact incidence of micrometastasis. The implication of this is that patients 
found to have pN 0 disease would not ordinarily be treated; but these patients may 
develop recurrence in the neck in cases in which the actual pathologic N status is 
pN+, as may be revealed on more thorough examination. Ambrosch et al. (1995) 
and Ambrosch and Brinck (1996) investigated the incidence of micrometastasis 
from squamous cell carcinoma of the head and neck in neck dissection specimens 
from patients originally staged as pN 0 relying upon serial microscopic sectioning 
and immunostaining with an antibody to pancytokeratin. They examined 1,020 
lymph nodes from 76 neck dissections. Examination of these specimens disclosed 
eight micrometastases (7.9%) in six specimens from six patients with oral and 
pharyngeal cancers, which resulted in upstaging of disease in these patients. The 
micrometastases were detected in lymph nodes that were no more than 3-6 mm 
in diameter. All eight micrometastasis were located in the subcapsular sinus of 
the lymph node and all were found in nodes from Level II. 

Enepekides found that of 40 patients with T1-T2 squamous cell carcinoma of 
the lip and oral cavity that had previously been pathologically staged as pN 0 , 
0.5% had micrometastasis as disclosed by immunoperoxidase staining of cervical 
lymph nodes with antibodies to cytokeratin (Enepekides et al. 1999). The study 
suggests that the true incidence of occult metastasis with squamous cell carci- 
noma of the oral cavity (stage I and II) is higher than previously documented. 

Hamakawa et al. reviewed 544 cervical lymph nodes obtained from 73 patients 
with squamous cell cancer ; the specimens were sectioned at 200-|im intervals 
(Hamakawa et al. 2000). One series was used for hematoxylin-eosin (H&E) staining 
and the other for keratin immunostaining. In total, micrometastasis measuring less 
than 3 mm was detected in 29 sites in 23 lymph nodes in 16 patients, corresponding 
to 4.2% of the lymph nodes examined and 21.9% of the patients. These data indicate 
that immunohistochemical assessment and molecular analysis of cervical lymph 
nodes can be useful in refining the staging system and that a significant number of 
cases are found to have micrometastasis and the neck can be upstaged. 


Functional Neck Dissection 

As more information about functional neck dissection became available from 
Europe in the 1980s, there was a transition from the RND, which included the 
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removal of the spinal accessory nerve as mandated by Dr. Hayes Martin, to an era 
of the MRND sparing the nerve. Shah et al. observed that in cases in which the 
spinal accessory nerve was spared, the patients had fewer problems with pain and 
decreased functionality, while the oncologic outcome was not changed from the 
classical RND (Shah 1990). Lingeman et al. (1977) reported on a series of 98 
patients with cN 0 disease who underwent MRND, none of whom had regional 
recurrence. In 1980, Molinari also indicated low regional recurrence rate in patients 
with cancer of the larynx who underwent MRND (Molinari et al. 1980). 

We began to use the MRND in the elective neck during the 1980s for patients 
with N 0 neck. In cases in which more than two lymph nodes were identified by 
pathology reports, the patients were treated with postoperative radiation therapy, 
and in cases in which ECS was identified, the patients were offered chemoradiation 
therapy. This was very helpful in preventing recurrence and improving survival in 
the ECS group of patients. 

Our transition into the era of the elective neck dissection was slow to come, 
primarily because of our preoccupation with ECS. When we think back on Butlin's 
pioneering work with elective neck dissections at the end of the nineteenth century, 
we are remorseful about not bringing this technique to our patients earlier. We did, 
however, begin to use the SND for cN 0 neck in 1990. The evolution of our surgical 
approach was largely stimulated by the work of Bocca and Pignatoro, who in 1967 
described the use of functional neck dissection, including dissection of the fascial 
spaces and removal of the lymph nodes without removal of nonlymphoid structures 
(Bocca and Pignataro 1967; Bocca 1975). The work was based on the surgical 
anatomical description of the fascial compartments of the neck by Professor 
Osvaldo Suarez , an otolaryngologist and anatomist from Argentina (Myers and 
Gastman 2003; Ferlito and Rinaldo 2005) (Fig. 1.16). 

Dr. Bocca apparently had the opportunity to see Professor Suarez operate and 
later attended a course that he presented with Dr. Cesar Gavilan at the La Paz 
Hospital in Madrid . 

Spiro and colleagues from Memorial Sloan-Kettering Cancer Center in 
New York in a landmark article found that the supra-omohyoid neck dissection 
(SOHND) (levels I, II, and III), which had been used with increasing frequency 
in their hospital since 1980 for patients with cancer of the oral cavity, accounted 
for about 25% of the neck dissections carried out at the time of their research 
(Spiro et al. 1988). They performed SOHND on 115 patients with cancer of the 
oral cavity. They found that metastasis to the cervical lymph nodes was present 
in 31% of the necks and that three of these specimens demonstrated ECS. 
Twenty of the patients were treated with postoperative radiation therapy and an 
86% control rate of the neck through postoperative radiation therapy was 
achieved. Byers (1985) reported 100% control of the neck in patients with 
pathologically confirmed TN l disease who had undergone a SOHND and post- 
operative radiation therapy. Byers' conclusions were somewhat different in that 
he advocated SOHND alone as adequate treatment for PN : disease that did not 
show any evidence of ECS. This conclusion of Byers proved to be sound, as we 
have shown in our own work. 
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Fig. 1.16 Osvaldo Suarez (1912-1972) 


The Brazilian Head and Neck Cancer Study Group (1999) in a prospective trial 
compared the results of lateral neck dissection, an SND of levels II-IV of the neck, 
with that of MRND in 132 patients with cancer of the larynx. They concluded that 
the rate of recurrence in the neck in a 5 -year overall survival were similar in both 
groups, confirming the efficacy of the more limited neck dissection in elective treat- 
ment of N 0 neck. (Group 1999) 

We began to use SND in our department in 1990, and in 1997, Pitman et al. 
compared SND with RND for effective management in the clinically negative 
neck (Pitman et al. 1997). This study included 280 patients treated with 322 
RNDs between 1974 and 1989 and 114 patients treated with 168 SNDs between 
January 1990 and March 1994. The overall regional recurrence rate for RND 
was 5.8%, which is not significantly different from the regional recurrence rate 
for SND of 3.5%, indicating that the SND is as effective as RND for treating the 
N Q neck. In another study from our department, none of the patients with occult 
ECS positive nodes treated with SND had a recurrence. A trend towards 
decreased survival was seen in those with pN + ECS + nodes compared with 
patients with pN + lymph nodes. (Alvi and Johnson 1996). ECS was present in 
at least 19% of nodes with occult metastasis in the M. D. Anderson series 
(Myers et al. 2000). 

J. Myers et al. at M. D Anderson Cancer Center analyzed a group of 64 patients 
with squamous cell carcinoma of the tongue in an age group younger than 39 years. 
The patients who were initially treated elsewhere or at M. D. Anderson who had a 
neck dissection as part of their initial treatment had a better outcome than those 
without neck dissection. Three and 5-year survival rates were 81% and 72%, 
respectively, in patients who had a neck dissection, and 44% and 22%, respectively, 
in patients whose necks were not dissected. 
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Kowalski in a series of 513 consecutive patients with squamous cell carcinoma 
of the oral cavity demonstrated a poor prognosis associated with patients who were 
managed with "watchful waiting" compared with those who had an END (Kowalski 
et al. 2000). The most important observation was that the 50% of the patients with 
metastasis in the neck discovered at follow-up were not candidates for surgical 
salvage and died of this cancer. 

Kligerman et al. examined a cohort of 67 patients with T-T 2 squamous cell 
carcinoma of the tongue and floor of the mouth (Kligerman et al. 1994). The 
patients treated with SOHND at the time of the resection of the primary cancer had 
fewer recurrences in the neck and a better survival rate than did those who under- 
went resection of the primary cancer alone. Most importantly, the authors found a 
poor salvage rate among patients who did not undergo SOHND and who developed 
cervical metastasis under "observation." 

The Head and Neck Group of the Swiss Society of Otolaryngology - Head and 
Neck Surgery, reported their results in patients with early (T1-T2) carcinoma of the 
oral cavity adequately treated by resection of the primary cancer and a neck dissec- 
tion, at least levels I— III (Wolfensberger et al. 2001). One of the specific aims of the 
study was to achieve tumor-free margins by the use of intraoperative frozen section. 
The results in this study were somewhat equivocal since the tumor survival proba- 
bility of 91% after 4 years confirmed the hypothesis that early oral cancer is ade- 
quately treated by resection alone without need for radiation therapy. Unfortunately, 
16% of the patients had to be referred for additional therapy because of recurrence 
in the neck. The authors, for some reason, stated that 71% survival was very good 
so that no drawback resulted for the patient from the "wait and see" approach. 
These results stand in stark contrast to all the articles described above. The authors 
state that under no circumstances would they dispense with neck dissection in 
patients for whom reliable after care could not be guaranteed. 

Akhtar et al. evaluated 94 patients with Tj-T, N 0 squamous cell carcinoma of 
the tongue treated with partial glossectomy and elective MRND and concluded 
that the occult micrometastasis rate of 32% in their patients warrants elective 
neck dissection. In early cases, the incidence of metastasis to levels IV and V in 
these cases is low, so these lymph nodes should be removed only when there is 
an intraoperative finding suspicious of extensive metastasis in levels I, II, or III. 
Otherwise, SOHND is sufficient (Akhtar et al. 2007). In this series, two patients 
had "skip metastasis" in levels III and IV and two patients had involvement of 
level V. 

Hao et al. analyzed a series of 140 consecutive patients with squamous cell car- 
cinoma of the oral cavity with an N 0 neck who underwent SOHND at Chang Gung 
Memorial Hospital in Taiwan (Hao and Tsang 2002). The patients were followed 
for at least 2 years. Thirty-seven patients had postoperative radiation therapy 
because of an advanced primary cancer, close margins or pN+. Twenty-four percent 
of the patients had occult cervical metastasis, and a control rate by SOHND of 
91.4% was achieved. One of 21 patients who underwent postoperative radiation 
therapy had neck recurrence. Four of 13 patients who did not undergo postoperative 
radiation therapy had recurrence in the neck. 
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Hosal at the University of Pittsburgh studied the results of 300 neck dissections 
performed on 210 patients to study the efficacy of SND in the management of the 
clinically N 0 neck. He concluded that SND is effective for controlling metastases to 
the neck. In this group, 33% of the patients were pN+, and of those with positive 
nodes, 24% had ECS. Importantly, the patients who have more than two metastatic 
nodes when untreated had a higher incidence of recurrence than the patients with 
cancer limited to one or two lymph nodes. As a result of this study, we now system- 
atically include radiation therapy as part of our program in patients who have more 
than two positive lymph nodes without ECS. All patients with ECS are treated with 
chemoradiation (Hosal et al. 2000). 

Pitman compared the results of SND with MRND in a review of 556 patients 
with previously untreated N 0 -N 2 squamous cell carcinoma of the oral cavity, oral 
pharynx, hypopharynx, and larynx. Among the 222 patients who had SND, the 
surgical specimens contained metastasis in 22%. One or more lymph nodes with 
ECS were detected in 24% of the node-positive specimens. Postoperative radiation 
therapy was given to 62% of patients with pN+. In this study, SND was indicated 
both as an elective and therapeutic procedure. For the pN 0 neck, the recurrence rate 
was 4.7%, in accordance with other reports showing the incidence of neck recur- 
rence of 3-7% in the pN 0 neck (Pellitteri et al. 1997; Spiro et al. 1996; Pitman 
et al. 1997; Byers et al. 1988; Medina and Byers 1989; Spiro et al. 1993; Henick 
et al. 1995). 


Use of the Selective Neck Dissection in the Management 
of the N+ Neck 

We began to use the selective neck dissection as a staging procedure in patients 
with an N 0 neck in 1990. As we gained more experience with this procedure, we 
found that it was an operation that was soundly based in anatomical study and that 
understanding the fascial compartments allowed removal of the lymph nodes that 
were most likely to be involved by metastatic cancer from different primary sites 
in the head and neck, based on the observations of Shah (1990). This could be 
done without removing adjacent structures such as had been the case with RND 
and MRND. As we studied the results in elective neck dissections, it appeared that 
approximately one-third of the patients with cN Q neck had, in fact, a pN+ neck. We 
found that if there were no more than two positive lymph nodes without ECS, and 
that the patients did not require adjunctive radiation therapy or a therapeutic neck 
and did well without recurrence. 

The realization that we were in fact operating successfully on the cN Q but pN+ 
neck one-third of the time with minimal recurrence led to the intentional use of the 
SND as a therapeutic procedure in patients who had cNj and selected cN, disease. 
Our indications presently are patients who have lymph nodes up to 6 cm (Nj-N 7 a), 
which are mobile. We occasionally found intraoperatively some fixation to the 
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sternocleidomastoid muscle and the jugular vein, in which case an adequate cuff of 
normal tissue from these structures was removed without any functional or 
cosmetic problems. The patients who had multiple positive nodes (N 2 b) could also 
be treated with selective neck dissection as could patients with bilateral neck metas- 
tasis N 2 c, as long as the nodes were in N t -N, category. We considered these patients 
to be candidates for SND, understanding that most of the patients with cN+ will 
receive radiation therapy or chemoradiation in the event of ECS. If the node had 
decreased mobility, it was not deemed appropriate for the SND, and an MRND was 
employed. In some cases, the spinal accessory nerve could not be saved due to 
extensive tumor, so an RND was carried out. Fixed nodes were not treated primarily 
with surgery. 

We reported the results of the use of SND for cN+ as a therapeutic option in 
2006 in 65 patients (Simental et al. 2006). There was a recurrence rate of 6.1%, 
including inside and outside the dissected field This is similar to the recurrence rate 
reported by Chepeha et al. on 52 patients who underwent 58 SNDs for cN+ 
(Chepeha et al. 2002). They treated patients with cervical metastasis less than 3 cm. 
Postoperative radiation therapy was used for patients with more than two positive 
lymph nodes, ECS and T3-T4. The regional control rate was comparable to control 
rates obtained with MRND combined with similar indications for postoperative 
radiation therapy. 

Anderson et al., in 2002, used SND on 170 patients with cN+ and reported 
regional recurrence rates in 8.4% of the patients who underwent SND and postop- 
erative radiation therapy (Andersen et al. 2002). Byers et al. reported the use of 
SND in the management of cN+ (Byers et al. 1999). There was a regional recur- 
rence rate of 35% in 517 SNDs in patients with pathologically positive nodes. 
However, when postoperative radiation therapy was given in the patients with pN+, 
the recurrence rate decreased to 5.6%. Thus, the authors recommended the use of 
postoperative radiation therapy for patients with pN+, a practice that is currently 
widely followed. 

In another large series, Ambrosch et al. used postoperative radiation therapy in 
order to improve the regional control rate in patients with pN+ (Ambrosch et al. 
2001). This was especially true for patients with ECS or multiple metastatic nodes. 
Lohuis et al. (2004) reported the effectiveness of the therapeutic SND in patients 
with laryngeal and hypopharygeal squamous cell carcinoma (N p N 2 ). They started 
performing SNDs (Level II-V) in patients with laryngeal and hypopharyngeal 
cancer and clinically proven N+ disease in the 1990s. This group had an experi- 
ence similar to ours in that they found that one-third of the SNDs in the N 0 neck 
proved to be pN+. However, the authors state that the use of SND for the cN+ neck 
is much more controversial. Surgeons have reported results of therapeutic SND in 
Nj-N, in cancer of the larynx and hypopharynx, all of whom received postopera- 
tive radiation therapy with regional recurrence rates ranging from 0 to 33% (Spiro 
et al. 1993; Byers et al. 1999; Pellitteri et al. 1997; Traynor et al. 1996). The 
authors state that in the case of N3 disease, RND or MRND should remain the 
standard. 
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Pellitteri et al. stated that SND represents an accepted modality for the manage- 
ment of N 0 and selected Nj necks in the treatment of squamous cell carcinoma of 
the upper aerodigestive tract (Pellitteri et al. 1997). Application of SND in the 
management of more advanced lymph node metastasis (N 2a , N 2b , and N 3 ) had not 
been advocated. The reluctance to apply this modality may be due to the belief that 
the predictability of cervical node metastasis can be altered following involvement 
of the first eschelon lymph node groups. They voiced additional concerns in this 
more advanced group, particularly with the incidence of ECS and with multiple 
nodal involvement that may not be addressed adequately by SND. Despite their 
concerns, they reported a regional recurrence rate of 10% for the group of patients 
with N 7 -N 3 disease following SND and felt that this was not appreciably different 
from the entire study population. 

Muzaffar (2003) reported a series of 359 consecutive patients. Of these, 269 
patients had a pN+ neck on histological examination and 90 had a pN 0 neck. 
pN+ patients were treated with radiation therapy of 50 Gy on average. A total of 
eight patients (5%) had recurrence in the neck, and two of these had ECS. The overall 
mean time of recurrence was 19.5 months. Salvage surgery was attempted in five 
of the eight patients but was successful in only one. Indications for radiation therapy 
included the presence of two or more positive lymph nodes, nodes involved in 
multiple levels, evidence of ECS, positive surgical margins, or tumor size T3-T4. 
Disease-free survival 2 years after the end of this study was tabulated, and 80% of 
the SND group were either alive disease free or had died free of disease. The 
survival rates for the MRND and RND groups are similar at 29/45, 64% and 37/58, 
64%, respectively, and a 14% incidence of distant metastasis. 

Clark et al. raised the question of outcome of treatment for advanced cervical 
metastatic squamous cell carcinoma (Clark et al. 2005). The authors state that, 
in many centers, patients with advanced but resectable cancer of the head and 
neck (N2 and N3) are managed primarily with surgery and postoperative radio- 
therapy. The effectiveness of this strategy has been well established; however, a 
high rate of tumor response in the neck can also be achieved when primary 
chemoradiation protocols are used. The purpose of their study was to evaluate 
the outcomes of patients N2 or N3 metastatic squamous cell carcinoma managed 
with a consistent policy of surgery and postoperative RT in an attempt to identify 
subgroups for whom this combination therapy may be inadequate and for whom 
alternative treatment strategies could be investigated. The series included 181 
patients, 70 of whom were treated with SND. Control in the treated neck was 
achieved in 86% of the patients. DSS was only 39% at 5 years. The authors state 
that the use of SND should be guided by the extent and distribution of nodal 
metastasis in addition to the characteristics of the primary tumor. These may be 
suitable when metastatic disease is limited, but in general, patients with 
advanced neck disease require a comprehensive dissection, including extended 
RND. Microscopic ECS remained a significant risk factor for regional failure, 
and the authors suggest the use of chemoradiation therapy since reports from 
prospective randomized trials show the beneficial effects from this therapy 
(Cooper et al. 2004; Bernier et al. 2001). 
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Verrucous Carcinoma 

A subset of patients have verrucous carcinoma of the oral cavity. In a recent review 
of 2,350 cases of verrucous cancer of the head and neck in the National Cancer 
Database, the most frequent site of involvement was the oral cavity (55.9%) (Koch 
et al. 2001). Patients with pure verrucous carcinoma do not require neck dissection 
since this variation of squamous carcinoma does not metastasize. Treatment of such 
cases usually consists of local excision of the primary cancer. However, there is a 
hybrid form of verrucous carcinoma that coexists with the more typical invasive 
squamous cell carcinoma which does have the potential to metastasize. Patients 
who have verrucous carcinoma should be counseled that if a primary squamous cell 
carcinoma component is identified in the final pathology report after resection of 
the intraoral tumor, the patient should then be readmitted for an SND (Myers and 
Simental 2003). 


Treatment Strategies 

In the cN 0 neck, single modality therapy should be used whenever possible to man- 
age squamous cell carcinoma of the upper aerodigestive tract since there is a high 
possibility of developing second primary cancers for which radiation therapy might 
be of importance. Since surgical resection of the primary cancer of the oral cavity 
is the method of choice, the neck at risk for metastasis to the lymph nodes is elec- 
tively dissected (Werning and Mendenhall 2007). Many of the surgeons who 
advocate the elective management of the cN Q neck in squamous cell carcinoma 
believe that treatment is warranted when the probability of metastasis exceeds 
15-20%. This treatment threshold originally evolved from largely empirical recom- 
mendations that attempted to achieve a balance between the presumed improve- 
ment in survival provided by elective treatment and the calculated risk of morbidity 
and mortality. Decision analysis has been applied to the outcomes of treatment that 
were published for the N fl neck between 1971 and 1991, leading to the conclusion 
that the probability of metastatic disease of more than 20% should be considered 
the appropriate threshold for elective management of the neck. A recent survey 
of board-certified otolaryngologists who treat patients with head and neck cancer, 
however, found that only 50% of the respondents treat the patients when the risk of 
metastasis exceeds 15-20% (Werning et al. 2003). 

Cervical metastasis does not always correlate with T classification since patients 
with Tl cancer of the tongue and floor of the mouth have a significant risk of occult 
metastatic disease (Cunningham et al. 1986). Approximately, 21% of Tl cancers 
and 43% of T2 cancers and 56-70% of T3 cancers have pathologically positive 
lymph nodes revealed by SND. Elective or therapeutic treatment of the cervical 
lymphatics is recommended for virtually all patients with cancer of the oral tongue 
(Myers and Simental 2003). This is predicated on the notion that earlier treatment 
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of cancer should result in improved outcomes. While the overall survival benefit of 
elective neck treatment may be small, there is a definite benefit in disease-free 
survival (Myers and Simental 2003). In addition, many patients who are simply 
observed are eventually discovered to have cervical lymph node metastasis that is 
unresectable (Cunningham et al. 1986). 


Surgical Techniques 

Since many excellent descriptions of techniques for neck dissections are available 
(Operative Otolaryngology-Head and Neck Surgery, Myers, 2nd ed, Saunders 
2008), we have not included any detailed description of these procedures. However, 
there are two areas of controversy as to what levels should be included in the 
selective neck dissection. These include the dissection of sublevel IIB (submus- 
cular recess) and the dissection of level IV (Fig. 1.8). Paleri et al. studied a series 
of 903 patients identified in 14 articles with 903 necks suitable for inclusion 
(Paleri et al. 2008). The overall incidence of metastatic disease at sublevel IIB 
in patients with cancer of the oral cavity is 3.9% (1 1 of 279). Contralateral posi- 
tive nodes and isolated metastasis to this level were rare. Their conclusion was 
that there was no advantage in performing submuscular dissection (of sublevel 
IIB) in the contralateral neck or in cancer of the larynx. The primary concern in 
dissecting sublevel IIB is the potential for injury to the spinal accessory nerve, 
with associated pain, and shoulder dysfunction. Since oral cavity and oropharyn- 
geal primary cancers have an incidence rate of metastasis to sublevel IIB of 
4-5%, Paleri's recommendation is that this sublevel should be dissected in the 
setting of oral cavity and oropharyngeal primaries. An alternative suggestion 
based on the observation that "if it is evident that the patient will need postop- 
erative radiation on the basis of the primary cancer, dissection of sublevel IIB 
can be avoided and subclinical metastasis can be treated adequately with radia- 
tion therapy." 

Another controversial site is level IV. Byers, in 1997, reported finding "skip 
metastasis" to lymph nodes in level III and or level IV in 15.8% of the patients with 
cancer of the oral tongue (Byers et al. 1997). As a result of this study, the authors 
recommended removal of the lymph nodes of level IV whenever an SND is per- 
formed on any patient with cancer of the oral tongue. Medina (Khafif et al. 2001), 
however, recently published the results of a study undertaken to determine the inci- 
dence of occult metastasis to lymph nodes in level IV in patients with cancer of the 
oral tongue with N 0 neck to determine the efficacy of a clinical practice in which 
these lymph nodes were not routinely removed during elective dissection for cancer 
of the tongue. The authors concluded that occult nodal metastasis to level IV for 
patients T1-T3 N 0 cancer of the oral tongue was 4%. Dissection of these nodes only 
when there is intraoperative suspicion of metastasis to level II or III does not 
increase the risk of recurrent tumor in the neck. 
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Shah et al. studied RND specimens performed electively for cancer of the oral 
cavity and found metastasis in level IV lymph nodes in 3% of the patients (Shah 
1990). Medina argued that extending a supra- omohyoid neck dissection to include 
the lymph nodes at level IV is a relatively simple maneuver that prolongs the opera- 
tion by only a short period of time. However, exposure to that region through a high 
cervical incision, which they use for their SNDs, is awkward and increases the risk 
of a chylous fistula. 

We favor elective neck dissection rather than the wait-and-see policy by observa- 
tion. This should include levels I, II, III, and IV in all cases of oral cavity cancer, 
particularly with cancer of the oral tongue. The idea of only doing a neck dissection 
in cases with 15-20% possibility of metastasis is a form of gambling with the patient 
by playing the odds. After all, for the surgeon, the percentage of positive nodes may 
be small, but for the patient who is one of Medina's, 4% is actually 100%. 

We know that because there is an incidence of metastasis to level lib and IV, 
albeit a small one, not removing the lymph nodes in that area is similar to the 
obsolete method of "watch and wait," which we have cited over and over again in 
this chapter, being inadequate treatment instead of doing an elective neck dissec- 
tion. In my philosophy, as long as there is any incidence of metastasis to the sub- 
site, the subsite should be dissected carefully and the potential lymph node 
metastasis removed , particularly since so little extra time and effort is necessary. 
Naturally, caution must be exercised to avoid injury to the spinal accessory nerve 
and thoracic duct. 


Conclusion 

• Metastasis to the neck from squamous cell carcinoma of the oral cavity is a 
negative predictor of survival. 

• Diagnostic modalities such as CT scan, MRI, PET-CT, ultrasound, FNAB, and 
sentinel lymph node biopsy should be used in an effort to stage the neck as 
accurately as possible since understaging leads to under treatment of the neck. 

• A "watch and wait" approach to the N 0 neck, even for early stage primary 
squamous cell carcinoma of the oral cavity, is dangerous and not in the patient's 
best interest. 

• The selective neck dissection is based on sound anatomic principles and in prac- 
tice has proved to be as effective in the management of both the N 0 and selected 
N+ necks as the radical or modified radical neck dissection and should be prac- 
ticed by all head and neck surgeons. 

• There remains a role for RND/MRND in patients with advanced lymph node 
metastasis. 

In the future, we are certain to improve the cure rate of cancer of the oral cavity 
not with more or better surgery, but based upon a better understanding of the 
biology of lymph node metastasis and development of effective interventions at a 
molecular level. 
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Chapter 2 

The Role of Diagnostic Imaging in Identifying 
Cervical Metastases in Oral Cavity Cancer 


Lawrence E. Ginsberg 


Abstract Radiologic imaging is an integral part of the diagnostic evaluation of the 
newly diagnosed or suspected head and neck cancer patient. At the M.D. Anderson 
Cancer Center, for most head and neck malignancies we prefer CT for evalua- 
tion of the neck. Small nodes, or those that are nonpalpable because of location 
(e.g., lateral retropharyngeal or deep to the sternocleidomastoid muscle) but are 
nevertheless abnormal based on necrosis, shape, clustering, or other criteria, can 
be diagnosed with CT. This diagnosis, important for its treatment and prognostic 
implications, requires knowledge not only of the known or suspected primary can- 
cer, its location, and expected sites of nodal drainage, but also of the proper imaging 
technique and appearance of nodal metastases. This chapter will familiarize the 
reader with imaging strategies, radiographic appearance, and other findings that 
may diagnose or suggest a likehood of nodal metastasis. 


Introduction 

Nodal metastasis in oral cavity cancer has a profound effect not only on prognosis 
but also on therapeutic approach. Primary tumors arising from certain sites, including 
the oral tongue, are far more likely to be associated with nodal spread than are 
tumors arising from the buccal mucosa, with the likelihood of nodal metastasis 
increasing with T stage. Because physical examination is relatively insensitive to 
the detection of nodal metastases, the role of imaging becomes important. When 
nodal metastases are clinically or radiologically evident in an oral cavity malig- 
nancy, neck dissection and adjuvant therapy are often indicated. In cases in which 
routine cross-sectional imaging (magnetic resonance imaging [MRI] or computed 
tomography [CT]) is equivocal for nodal metastases, further imaging may be 
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warranted. This can include ultrasound and ultrasound-guided fine-needle aspira- 
tion (USG-FNA) or positron emission tomography (PET)/CT imaging. In patients 
for which imaging cannot firmly establish the presence of nodal disease, the treat- 
ing physician is faced with the difficult issue of whether or not to dissect the neck 
at the time of resection of the primary cancer. Among the issues to be considered 
in this determination is tumor thickness, to which imaging may contribute (Fukano 
et al. 1997; Asakage et al. 1998; Okura et al. 2008; Kane et al. 2006). 

In this chapter, we review the imaging strategies and findings relevant to the 
staging evaluation in patients with oral cavity carcinoma. The histologic subtype in 
the majority of cases is squamous cell carcinoma, but it should be remembered that 
minor salivary cancers may occur in any location of the upper aerodigestive tract 
mucosa, and these tumors have imaging findings indistinguishable from squamous 
cell carcinoma. Choice of imaging modality is still somewhat controversial. 
However, at The University of Texas M. D. Anderson Cancer Center, CT remains 
the imaging modality of choice for known or suspected cancers of the upper aerodi- 
gestive tract except nasopharyngeal carcinoma, for which MRI is the preferred 
modality. The basis of this choice is that while some small or superficial cancers 
may not be visible on CT, most are CT is chosen because, with the exception of 
some small or superficial cancers, most are visible on CT, and CT is excellent for 
detecting bony invasion, a finding that influences surgical approach and prognosis. In 
addition, it is our feeling that nodal disease, and particularly necrosis within small 
metastatic nodes, can generally be better seen on CT than MRI. This does not, 
however, address the issue of metastatic disease within nodes lacking the CT char- 
acteristics suggestive of malignancy. Philosophical issues arise as to how aggressive 
pretreatment imaging should be in unearthing the smallest of nodal metastases, and 
which imaging modality is best. In truth, no available imaging modality can detect 
the smallest of micrometastases. 

While statistics can be presented based on the best objective imaging data for 
each modality, one immeasurable factor is experience. Experience of the radiologist 
comes into play in every case he or she reads, and lack of experience can result in 
the failure to detect radiologically evident lesions, whether primary or metastatic. 
Another factor in imaging worth mentioning is that shortcomings of imaging tech- 
nique can result in lesions being inconspicuous when they might otherwise be more 
readily seen. There is no way to measure experience or the importance of good 
imaging technique. 


Nodal Classification 

For the purpose of this chapter, and in common clinical parlance, the nodal usage 
terminology will conform to that published in 2000 by Som et al. (1999, 2000) 
(Fig. 2.1). This work sought to match the imaging description of lymph node 
metastases to the most commonly used clinical descriptions, in order to improve 
communication between radiologists and clinicians. 


2 The Role of Diagnostic Imaging in Identifying Cervical Metastases in Oral Cavity Cancer 35 



Lower edge of cricoid 
arch 


Left common carotid 
artery 


Lower edge of h void 
bone body 


Top of manubrium 


Posterior border of submandibular 
gland 


Fig. 2.1 Nodal classification Reprinted with permission from Som and Brandwein (2003) 


Nodal Staging 

The most commonly accepted nodal staging classification for squamous cell carci- 
noma of the oral cavity is as follows: 

Nx: nodes cannot be assessed 

NO: no lymph nodes with evidence of metastasis 

Nl: a single ipsilateral node with evidence of metastasis 3 cm or less 


N2a- a single ipsilateral lymph node with evidence of metastasis greater 
than 3 cm, but not greater than 6 cm in greatest dimension. 
N2b- multiple ipsilateral lymph nodes with evidence of metastasis, none 
greater than 6 cm in greatest dimension. 

N2c- bilateral or contralateral lymph nodes with evidence of metastasis, 
none greater than 6 cm in greatest dimension. 
N3- a lymph node with evidence of metastasis greater than 6 cm in greatest 
dimension. 


Nodal Drainage Patterns 

The vast majority of nodal metastases in oral cavity cancer involve levels I, II, and 
III. For oral tongue cancer, the likelihood of nodal disease is the highest among the 
oral cavity primary sites. Cancers of the oral tongue that are anteriorly situated tend 
to spread to nodes in levels I or II. Tumors more laterally or posteriorly situated tend 
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to spread to nodes in levels II and III. Nodal disease from other oral cavity primary 
sites is less common than from tongue carcinoma but follows a similar pattern (Som 
and Brandwein 2003). Primary sites that are more anteriorly situated, such as anterior 
floor of mouth or gingiva, tend to spread to level I or II; primary cancers more pos- 
teriorly located tend to spread to levels II and III. In general, there is an orderly 
downhill, superior-to-inferior spread, whereby once levels I and II are involved, the 
tendency to spread then occurs more inferiorly into level IV and so forth. The poste- 
rior triangle or level V of the neck is relatively uninvolved in the nodal spread of oral 
cavity malignancy (Shah et al. 1990). Primary lesions that involve or approach the 
midline (e.g., floor of mouth or oral tongue) are more likely to access the lymphatics 
bilaterally (Fig. 2.2). While larger lesions and higher N status are generally associated 
with a greater likelihood and degree of adenopathy, some early-stage, small primary 
cancers may give rise to a fairly extensive degree of nodal disease (Fig. 2.2). 


Imaging Criteria for Nodal Metastasis by Imaging 
CT and MRI 

If a lymph node has internal heterogeneity or necrosis by imaging, there is a very high 
likelihood that it harbors tumor, regardless of size (Som and Brandwein 2003; 
Glastonbury 2004; Wiggins 2004) (Figs. 2.2-2.5). On CT, this can be seen as an area 
of low density ("attenuation" in CT terminology), which may be subtle or quite obvi- 
ous. In the extreme, necrosis can result in a nearly cystic or cyst-like appearance 
(Fig. 2.3), though this is far more common in oropharyngeal carcinomas than in carci- 
nomas of oral cavity origin (Asakage et al. 1998; Okura et al. 2008; Kane et al. 2006). 
Central necrosis may be observed in nodes that are quite small and nonpalpable, thus 
justifying imaging in the clinically NO neck (Fig. 2.4). On MRI, internal necrosis can 
be harder to appreciate in smaller nodes, but in larger nodes, it can be seen as internal 
"high signal" or "hyperintensity" on T2-weighted images, and nonenhancement of the 
necrotic area on post-contrast, Tl-weighted images (Fig. 2.5). Although figures vary 
by study design (for instance, use of a cutoff based on lymph node size, with a 1-cm 
size cutoff or the presence of internal necrosis), CT has a negative predictive value 
(NPV) of 84% and a positive predictive value (PPV) of 50% (Curtin et al. 1998). 

On MRI, the differentiation between metastatic and benign or reactive nodes can 
be challenging. If a node is nonnecrotic or not clearly enlarged, the differentiation 
is difficult because metastatic and benign nodes have similar imaging characteris- 
tics, being isointense on Tl-weighted images, hyperintense on T2-weighted 
images, and enhancing following intravenous administration of Gadolinium-based 
contrast agents (Som and Brandwein 2003; Glastonbury 2004; Wiggins 2004; Som 
1992). With MRI, the NPV and PPV are on the order of 79% and 52%, respectively 
(Curtin et al. 1998). 

If internal necrosis is not radiographic ally evident, other imaging criteria must be 
employed. Historically, size has been long-used as a determinant of malignancy but 
is highly unreliable. The generally accepted size cutoff is 1 .5 cm for the subdigas- 
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Fig. 2.2 Early-stage oral tongue carcinoma that approaches the midline, with bilateral nodal 
metastases, (a) Axial CT images shows fairly small left anterior oral tongue primary that reaches 
the midline (arrow), (b) Bilateral level lb nodal metastases (straight arrows), each with internal 
areas of necrosis, perhaps more obvious on the left side (curved arrow), (c) Level 3 nodal metas- 
tasis (arrow), somewhat inapparent due to similar density compared with adjacent sternocleido- 
mastoid muscle. The node is compressing the anterior surface of the internal jugular vein. 
Necrosis in this node is difficult to discern 

trie node (the upper internal jugular nodes, or in the current classification scheme, 
level IIA), and 1 cm for other cervical lymph nodes. The lateral retropharyngeal 
nodes of Rouviere, which generally have a smaller size cutoff (perhaps 6-8 mm) 
are seldom involved by metastases in patients with oral cavity primary tumors. 
One exception to this is primary cancers of the maxillary alveolar ridge, which can 
metastasize to the lateral retropharyngeal nodes (Kimura et al. 1998) (Fig. 2.6). 
The smaller the size used for cutoff, the greater the sensitivity (fewer metastases missed), 
but also the greater the number of nonmetastatic nodes included (lower specificity) 
(Curtin et al. 1998). This is the trade-off when size alone is used. Thus, it is important 
to look at other features of lymph nodes in addition to size. The shape of a node has 
diagnostic value, benign nodes tending to be more oval or bean-shaped, and metastatic 
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Fig. 2.3 Maxillary alveolar ridge carcinoma (not shown) with cystic nodal metastases. Level lb 
node (straight arrow) has internal necrosis but some solid enhancement posteriorly. Level 2 nodes 
are so necrotic as to be essentially cystic, without any solid enhancement (curved arrows) 

nodes tending to be round. The location of a node is important, specifically its location 
with respect to the known or suspected primary cancer and the expected lymphatic drainage 
of that site. For instance, a right-sided anterior oral tongue carcinoma, lacking ipsilateral 
nodal metastases, would be very unlikely to have a nodal metastasis in the left level 
IV; a borderline-sized node in such a location would be relatively discounted in terms 
of its likelihood of being metastatic in this scenario. Were a borderline-sized, 
non-necrotic node to be seen precisely in the location of drainage (and obviously 
ipsilateral) to a primary cancer, it would not as readily be dismissed. Put another way, 
the "oncology" of a node should reasonably enter into the interpretation of its 
imaging. Clustering, or the tendency of nodal metastases to congregate, should also 
be taken into consideration; a group of 3-5 nodes in a single location on a single 
image should arouse suspicion even if none of the nodes is individually abnormal 
based on size or morphology (Som and Brandwein 2003). 

Special mention should be made of the imaging findings that suggest extraca- 
psular extension (ECE), a known predictor of local recurrence and decreased 
survival (Woolgar et al. 2003; Myers et al. 2001). Imaging findings that suggest 
ECE include irregular spiculated margins and indistinct borders between the nodal 
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Fig. 2.4 Patient with clinically NO neck. Small but clearly necrotic right level 2a node (arrow) 



Fig. 2.5 MR images of necrotic nodal metastasis, (a, b) T2-wighted and post-contrast 
Tl-weighted MR images, respectively, show a right upper internal jugular nodal metastasis 
(straight arrow). As with reactive and benign nodes, T2 hyperintensity is typical, but this metastatic 
node is enlarged, and there is a medially situated focus of internal necrosis that is seen as even 
greater signal hyperintensity on T2, and nonenhancement on the post-contrast image (cun'ed 
arrows in a and b, respectively) 


Fig. 2.6 Metastatic lateral retropharyngeal node of Rouviere in maxillary alveolar ridge carcinoma. 
Axial CT image shows the obvious primary along the posterior maxilla (large arrows) and an 
enlarged, perhaps subtly necrotic left-sided lateral retropharyngeal lymph node (small arrow) 



Fig. 2.7 Extracapsular extension (ECE). CT image shows extensive bilateral nodal disease, but 
the large left-sided node has very irregular margins, especially posteriorly (straight arrows), and 
very blurred margins between the node and the medial surface of the sternocleidomastoid muscle 
(curved arrow) 
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Fig. 2.8 Extracapsular extension (ECE) undetectable on imaging. Axial CT image of a patient 
with mandibular alveolar ridge carcinoma. There is an obviously enlarged, necrotic right-sided 
level lb nodal metastasis (arrow), with none of the signs that would suggest ECE, but which was 
evident histologically 

metastasis and adjacent structures such as the inner surface of the sternocleidomastoid 
muscle (Som 1992) (Fig. 2.7). Unfortunately, imaging is not able to detect every 
case of ECE, which may be only visible histologically (Fig. 2.8). 

If, then, a node is not frankly pathologic at initial staging by CT or MRI because of 
grossly abnormal size or the presence of necrosis, how does one deal with the border- 
line node (for example, a node that is 1.6 cm in the subdigastric region, or 1.2 cm in 
level III with no other tell-tale sign of cancer)? Such cases may require further atten- 
tion, depending on whether or not there is other indication for neck dissection. If, in 
the case of a thick oral tongue cancer, surgery is planned, then a borderline node will 
be addressed at the time of neck dissection. If surgery is not otherwise indicated, then 
further imaging may be used to assess the borderline or questionable lymph node. 
Ultrasound (US), with fine-needle aspiration (FNA), may be performed to determine 
if a node is truly metastatic. In experienced hands, US is very useful and highly accu- 
rate in predicting the presence or absence of metastatic disease within a lymph node 
and in identifying those cases that would benefit from confirmatory FNA. Unfortunately, 
US-guided FNA can be subject to sampling error, and false negative results may occur 
(Fig. 2.9). In our institution, US is often used as an adjunct test in staging the neck. The 
sonographic features of nodal metastases are described in this chapter. 
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Fig. 2.9 Clinically T2 possible Nl right-sided oral tongue carcinoma. CT image shows a promi- 
nent but not frankly abnormal right subdigastric node (1.2 cm, arrow). Ultrasound was considered 
worrisome, but FNA revealed only reactive lymphocytes. Neck dissection was performed because 
of thickness of the primary (-1.5 cm), and histologically this node contained small foci of meta- 
static carcinoma that were simply nondefinitive on CT and that were apparently missed at USG- 
FNA due to sampling error 


Generally, imaging serves to upstage, by demonstrating nodal metastases that 
are not evident clinically. Occasionally, particularly in the case of floor of mouth 
cancer, imaging can downstage. This can occur if the floor of mouth cancer 
obstructs the submandibular duct, causing the gland to obstruct and enlarge; in such 
cases, the resulting enlarged gland may be clinically interpreted (palpated) as nodal 
disease. Imaging can reliably differentiate an obstructed submandibular gland from 
a nodal metastasis (Fig. 2.10). 

One additional matter is false positive imaging results. If a node is observed to 
be asymmetrically enlarged and within the drainage basin of a known malignancy, 
then one may be tempted to call it metastatic radiographic ally. This can be com- 
pounded if the presumably reactive node is palpable (Fig. 2.11); however, such a 
node may be merely reactive. Another pitfall in nodal imaging is the pseudonecrosis 
that may result from partial volume averaging of a normal fatty hilum. Specifically, 
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Fig. 2.10 Floor of mouth carcinoma, clinically Nl. Axial CT image shows the enhancing floor 
of mouth primary (large straight arrow). Note the obstructed, dilated submandibular duct (small 
arrows) and an enlarged, enhancing left submandibular gland (curved arrow). This gland was 
palpable and presumed to be a nodal metastasis. In this case, imaging served to downstage the 
neck. There were no nodal metastases detectable elsewhere in the neck 


when a CT slice overlaps a portion of normally low-density fat within the hilum of 
a lymph node and also includes a portion of normal lymphoid tissue, the "averaged" 
tissue may be misinterpreted as necrosis (Fig. 2.12). 


Ultrasound 

Ultrasound has long been used to evaluate lymph nodes, in the neck and elsewhere. 
Criteria for metastatic disease in a node include a rounded (abnormal) vs. oval or 
fusiform (normal) shape, increased size (unreliable as in cross-sectional), or an 
abnormal internal echo pattern. The abnormal internal echo pattern can take the 
form of a diffusely hypoechoic appearance or diffusely increased echogenicity - 
this often coincides with loss or disordering of the expected central hilar echo pat- 
tern (Evans 2003; van den Brekel and Castelijns 2005) (Fig. 2.13). Though much 


Fig. 2.11 Right-sided retromolar trigone carcinoma with clinically Nl neck. Axial CT image 
shows a borderline enlarged (1.5 cm) right subdigastric node (arrow), which was presumed meta- 
static because of its location relative to the primary lesion as well as the clinical impression. At 
neck dissection, no tumor was found in this or any other neck node 



Fig. 2.12 Metastatic carcinoma to the left neck, (a) Axial CT image, in addition to obvious left- 
sided nodal disease, suggests the possibility of necrosis within a contralateral node (curved 
arrow), (b) The image at a slightly lower level shows that, rather than necrosis, this is a normal 
fatty hilum (hypodense area, curved arrow). The image more superiorly represents partial volume 
averaging and thus the illusion of necrosis that does not exist 
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Fig. 2.13 Sonographic findings in normal and metastatic nodes, (a) Axial ultrasound image 
shows normal oval node (straight arrow), with organized central internal echoes (curved arrow). 
The common carotid artery (CCA) and internal jugular vein (IJV) are labeled, (b) Nodal metasta- 
sis with round shape, internal hypoechoic appearance, and absence of the normal central echoes 
seen in (a). (Images courtesy of Beth S. Edeiken, M.D.) 

more common in thyroid cancer metastases, the presence of calcification in a lymph 
node suggests malignancy. Another sign of malignancy in a node is abnormal vas- 
cularity by color Doppler determination. Normal flow should be primarily central 
in location; color flow Doppler findings of malignancy include displacement of 
normal hilar flow, aberrant or extra vessels, focal absence of expected normal areas 
of perfusion, and abnormally increased peripheral, subcapsular vessels (Fig. 2.14) 
(Evans 2003; van den Brekel and Castelijns 2005). Internal necrosis may take the 
appearance of cystic degeneration (Evans 2003). One benefit of ultrasound is the 
ability to perform USG-FNA on any suspicious lymph node, with essentially imme- 
diate cytologic results. 


PET/CT 

Recent advances in F 18 -labeled fluorodeoxyglucose (FDG) PET technology have 
made widely available the fusion of PET and CT in a single machine (PET/CT). 
The presence of correlative CT images allows far more accurate spatial and ana- 
tomic localization of abnormalities seen on the PET images. In numerous studies, 
PET/CT has proven to be more sensitive than MR/CT in the detection of nodal 
metastases from a variety of head and neck malignancies, including the oral cavity 
(Ng et al. 2006) (Fig. 2.15). Unfortunately, PET/CT is so sensitive that it can lead 
to false positives. As an example, reactive nodes may be associated with abnor- 
mally elevated FDG activity, and thus mistakenly characterized as metastatic 
(Schoder et al. 2006). Furthermore, PET/CT remains unable to detect micrometas- 
tases, and as such, does not have high enough NPV to prevent elective neck dissec- 
tion in every case (Schoder et al. 2006). On PET/CT, nodal metastases (and 
potentially negative, reactive or inflammatory nodes) are seen as "hot" areas of 
increased FDG activity, yellow in color as presented in most systems (Fig. 2.15). 
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Fig. 2.14 Normal and abnormal color flow Doppler. (a) Normal centrally located internal 
Doppler signal, (b) Grossly abnormal increased internal vascular flow typical of metastasis. 
(Images courtesy of Beth S. Edeiken, M.D.) 


Sentinel Lymph Node Biopsy 

Recent investigations have begun examining the feasibility and efficacy of sentinel 
node biopsy, which is based on the concept that if one can identify the first echelon 
nodal drainage from a given primary cancer, then that node can be sampled even if 
normal by other modalities of imaging (Hart et al. 2005). Such sampling is 
accomplished through intratumoral or peritumoral injection of a radioisotope and 
then performing imaging with scintigraphy and subsequent biopsy of the sentinel 
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Fig. 2.15 Base of tongue carcinoma, (a) Axial CT image shows the obvious right-sided tongue 
base primary (curved arrow) and necrotic ipsilateral adenopathy (straight arrow), but contralateral 
nodal disease cannot be called, (b) Fused PET/CT image shows a small but striking area of 
increased metabolic activity in the left neck (straight arrow). This represents a nodal metastasis 
not detectable by any other means and illustrates the utility of PET/CT. Note that some of the 
internal necrosis of the right-sided nodal metastasis is not associated with abnormal metabolic 
activity (curved arrow); this is expected and a potential source of false-negative PET scan in the 
case of purely cystic/necrotic nodal metastases 

node, either surgically or by USG-FNA. Sentinel lymph node mapping appears to 
have a very high NPV and thus may prove to be very useful in patients with NO 
necks. While currently used primarily in cutaneous malignancies, it holds promise 
for mucosal tumors as well and will be discussed elsewhere in this text. 


Conclusion 


Imaging has much to offer in the staging evaluation of patients with oral cavity 
cancer. At M. D. Anderson Cancer Center, disease in most patients is staged with 
contrast-enhanced CT. While there are guidelines on how to approach and diagnose 
metastatic lymph nodes radiologic ally, experience is important for the evaluation of 
nodes that are borderline, those which cannot obviously be called metastatic. 
Identification of such nodes requires a high level of vigilance, an understanding of 
the behavior of the malignancy, attention to imaging technique, and knowledge of 
which adjunct tests would increase diagnostic sensitivity and avoid false negative 
results. Unfortunately, however, at this time there is no single imaging test that is 
100% sensitive and specific and that has a 100% negative predictive value. Until 
there is such a test, surgeons will need to rely on other features of a primary cancer 
to determine who would most benefit from elective neck dissection. 
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Chapter 3 

Sentinel Node Biopsy in Oral Cancer 

L.W.T. Alkureishi, G.L. Ross, and S.J. Stoeckli 


Abstract In patients with cTl-T2 oral/oropharyngeal squamous cell cancer, involve- 
ment of the cervical lymph nodes is associated with a 50% decrease in 5-year 
survival and represents the most important prognostic factor in this patient group. 
Precise staging of the cervical nodes is therefore of utmost importance, to ensure an 
accurate prognosis and provision of the most appropriate treatment. 

The gold standard for staging the cervical nodes is elective neck dissection, 
providing both diagnostic and therapeutic measures. However, only one-fourth of 
cTl-T2 patients are found to harbor occult nodal disease, and the remainder of 
patients may be unnecessarily exposed to the considerable morbidity associated 
with neck dissection. 

The sentinel node biopsy procedure provides a means of obtaining tissue for 
pathological staging of the cervical lymph node basin, while potentially avoiding 
the morbidity of an elective neck dissection. This chapter describes the technique, 
its accuracy and current applications, and its potential role in the management of 
patients with early oral/oropharyngeal squamous cell cancer. 


Introduction: Difficulties in Managing the NO Neck 
Lymph Node Metastases and Survival 

Oral cancer and oropharyngeal squamous cell carcinoma (OSCC) are relatively 
common, with a U.S. prevalence of approximately 240,000. The estimated annual 
incidence is 10.4/100,000, with an annual mortality rate of 2.5/100,000. Incidence 
is greatest in high-risk groups, including older males and tobacco and alcohol users, 
and both incidence and mortality are higher in African-Americans. The overall 
5-year survival is approximately 60% (Ries et al. 2008). 
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As with many cancers, prognosis in OSCC is closely related to staging. 
Regional and distant metastases are associated with reduced overall survival 
rates, and may require significantly different treatment goals and modalities. 
The primary route of spread of OSCC is via the lymphatics, draining to the 
cervical lymph node basin, and the presence or absence of disease in the cervi- 
cal lymph nodes is the single most important prognostic factor in this patient 
group (Alvi and Johnson 1996). The National Cancer Institute reports that 
the overall 5-year survival drops from 82% to 53% as a result of regional 
lymphatic involvement, and is reduced to 28% for patients with distant metastases 
(Ries et al. 2008). 

Only approximately 10% of patients are found to have distant metastases at 
presentation, with the remainder of patients having stage I/II (33%) or stage III 
(50%) disease. The marked difference in outcome between the latter two patient 
groups serves to highlight the importance of detecting lymphatic involvement, both 
for prognostic and treatment purposes (Ferlito et al. 2003). 


Detection of Occult Lymph Node Involvement 

Determining the extent of disease begins with clinical evaluation, and palpation 
of the neck. Palpation has previously demonstrated a poor sensitivity of approxi- 
mately 70% (O'Brien et al. 2000; Woolgar et al. 1995), preventing its use as a 
sole staging tool in this patient group. This has led several groups to investigate 
the utility of clinical imaging tools such as ultrasound, CT, MRI, and even posi- 
tron emission tomography (PET)/CT (Stoeckli et al. 2002a, b). However, there 
are ongoing concerns regarding the true sensitivities of all currently available 
imaging modalities, and it is generally held that none are sufficiently accurate to 
permit their use as a sole staging tool (O'Brien et al. 2000; Yuen et al. 1999; 
Persky and Lagmay 1999). There is currently no consensus regarding the optimal 
criteria for detection of diseased nodes by imaging. The most commonly used 
criteria are related to nodal size. However, recommended threshold values 
between "high-risk" and "low-risk" vary widely among groups, and nodal size as 
a sole criterion has been demonstrated to have poor sensitivity and specificity at 
all available size thresholds (Alkureishi et al. 2007). Combining size, central 
necrosis, peripheral contrast enhancement, and clustering of nodes in CT raises 
the sensitivity considerably, but still leaves a low specificity and negative predictive 
value. The most accurate staging modality for the neck has been shown to 
be ultrasound with fine-needle aspiration cytology (FNAC). However, even in the 
most expert hands, only 80-85% of negative necks on imaging will remain 
negative after neck dissection (Stoeckli et al. in press) or wait-and-scan 
(Nieuwenhuis et al. 2002) .Overall, 20-30% of patients with clinically negative 
(NO) necks, determined using currently available clinical staging tools, will 
subsequently be found to harbor occult disease within the cervical lymph nodes 
(van den Brekel et al. 1990; Ross et al. 2004a, b). 
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Elective Neck Dissection 

Currently, the decision to electively treat the cNO neck is made on the basis of 
primary tumor characteristics, including primary site and T classification. Patients 
whose tumor has a greater than 20% risk of subclinical lymph metastases are rec- 
ommended to undergo elective neck dissection (END) (Yuen et al. 1999). 

The current gold standard for both staging and treatment of the cNO neck remains 
END. This provides material for histopathologic analysis and also removes the lymph 
nodes at risk for involvement (Pitman et al. 1997). This reduces the risk of subsequent 
nodal involvement, and has been shown by some groups to prolong disease-free 
survival (Kligerman et al. 1994). However, neck dissection is not without consider- 
able morbidity and would represent overtreatment for approximately three-fourths of 
all cNO patients. Historically, neck dissection involved a radical approach, with 
removal of lymph nodes from all neck levels, sternocleidomastoid and omohyoid 
muscles, internal and external jugular veins, and the spinal portion of the accessory 
nerve. The morbidity from this procedure was considerable, and included pain, shoul- 
der stiffness, muscle atrophy, facial swelling, and poor cosmesis. Mortality rates in 
patients undergoing bilateral radical neck dissections were as high as 10% (Razack 
et al. 1981). This led to the use of various modified radical neck dissections (MRNDs), 
designated MRND I-III depending on the structures preserved (accessory nerve, 
sternocleidomastoid and/or internal jugular vein). Several groups reported that the 
MRND could be performed without compromising the oncologic safety of the proce- 
dure, and the radical neck dissection fell out of favor (Bocca et al. 1984). 

Since the introduction of the MRND, investigators have continued to develop more 
conservative surgical management techniques for the cervical lymph nodes, particularly 
for patients with cNO necks. Improved understanding of the patterns of lymphatic metas- 
tasis has allowed surgeons to tailor the neck dissection to a smaller group of lymph nodes, 
a procedure named selective neck dissection (SND) (Fisch and Sigel 1964; Shah and 
Andersen 1994; Werner et al. 2003). In the setting of stage I/H oral cavity SCC, the SND 
most commonly performed is the level I-HI neck dissection, while a level U-TV dissection 
is preferred for oropharyngeal tumors. The major benefit of SND over MRND is a further 
reduction in the associated morbidity of the procedure (Chepeha et al. 2002). 

Despite these advances in surgical selection and technique, SND remains an 
invasive procedure and may ultimately be unnecessary for majority of patients. 
The most frequently encountered postoperative complication is shoulder dysfunction, 
which occurs in up to 22% of patients despite preservation of the spinal accessory 
nerve (Sobol et al. 1985). 

Wait-and-See Policy 

Conversely, a "wait-and-see" policy avoids the initial morbidity of neck dissection, 
but approximately one-fourth of patients will subsequently develop cervical disease. 
While salvage surgery is often technically possible in these patients, it usually 
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means a more extensive dissection and postoperative radiotherapy. Nieuwenhuis 
et al. (2002) reported on the series of 161 NO patients who were evaluated with 
ultrasound-guided FNAC (USgFNAC). Thirty-four patients (21%) went on to 
develop nodal recurrence during follow-up, and salvage treatment required thera- 
peutic neck dissection and radiotherapy. Seven of the 34 patients (21%) presented 
with advanced disease that was not amenable to salvage. 


Rationale for Sentinel Node Biopsy 

Sentinel node biopsy (SNB) continues the trend of minimizing the invasiveness of 
the staging procedure, utilizing lymphatic mapping to selectively target the small 
group of lymph nodes most likely to harbor metastases. 

The sentinel node concept states that spread from the primary tumor will follow 
a predictable pattern, with involvement of the sentinel node(s) before progression 
to the remainder of the lymph node basin (Fig. 3.1). Identification, surgical excision, 
and histopathological evaluation of the sentinel nodes should therefore provide an 
accurate prediction of the disease status of the rest of the basin (Morton et al. 1992). 
Patients with OSCC who have a positive sentinel node biopsy can then proceed to 
definitive treatment of the involved neck, while sentinel node-negative patients 
may avoid the need for further surgery. The minimally invasive nature of the SNB 
procedure may potentially avoid some of the complications associated with neck 
dissection (Wrightson et al. 2003). 

Sentinel node biopsy also offers some additional advantages over neck dissection. 
Among these, the per-patient cost of performing the procedure is reported to be less 
than the cost of a comprehensive neck dissection (Kosuda et al. 2003; Brobeil et al. 
1999), and the small number of harvested lymph nodes allows for a more detailed 
histopathological evaluation. The comparatively large number of nodes harvested 
during a standard neck dissection represents a significant burden of work for the 
pathologist and effectively restricts evaluation of each node to standard hematoxy- 
lin-eosin (H&E) staining. In-depth examination of the small number of sentinel 
nodes can include additional techniques such as step-serial sectioning and 
immunohistochemistry (van den Brekel et al. 1992). These additional pathological 
techniques, and their role in the detection of micrometastases, will be discussed 
later in this chapter. 

The SNB technique is not without disadvantages, however. The technique can 
be technically challenging (Morton et al. 1992), and has been demonstrated to have 
a steep learning curve (van der Veen et al. 1994). As a result, it is recommended 
that investigators wishing to begin using the technique should do so within the 
context of SNB-assisted END (Ross et al. 2004a, b). There is also the potential for 
false-negative results, and the sensitivity of the procedure appears to be between 
90% and 95% (Ross et al. 2004a, b; Stoeckli 2007; Civantos et al. 2005). Finally, 
SNB should not be applied to patients with clinically positive (cN+) nodal disease 
or T3/T4 primary tumors, in whom there is an increased likelihood of extensive 
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Fig. 3.1 The sentinel node concept. Lymphatic drainage passes from the primary tumor to the 
first-echelon lymph node (the "sentinel node") before draining to the remaining lymphatic basin 


tumor involvement. This can potentially distort the normal lymphatic architecture, 
blocking the usual drainage pathways and leading to aberrant drainage patterns 
(Fig. 3.2). Biopsy of these uninvolved second-tier lymph nodes can lead to false- 
negative results (Dunne et al. 2001). 


Early Applications: Melanoma and Other Cancers 


The concept of a "sentinel" lymph node is not new, with the first description dating 
back to 1960. Gould et al. (1960) reported on a total parotidectomy, during which 
intraoperative frozen section examination of a single facial lymph node was used to 
guide the decision to proceed to radical neck dissection. Cabanas (1977) subse- 
quently described "sentinel node biopsy" in 46 patients with penile squamous cell 
cancer. However, the authors erroneously believed the sentinel node to be in a fixed 
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Fig. 3.2 Advanced primary tumor. Extensive infiltration of lymphatic channels by tumor blocks 
free passage of lymph and radiotracer to the true sentinel node. Redirection of lymph/radiotracer 
results in biopsy of a different node ("false sentinel node"), which may not accurately reflect the 
disease status of the remaining nodal basin 


location in all patients. Nevertheless, they reported 90% 5-year survival for sentinel 
node-negative patients. Similarly, Weissbach and Boedefeld proposed a limited 
retroperitoneal lymph node dissection as a means of "...prevention of long-term 
damage without compromising diagnostic accuracy" in patients with testicular 
cancer (Weissbach and Boedefeld 1987). 

In parallel with the work by Cabanas (1977), Holmes et al. reported in 1977 on 
the use of radioactive colloidal gold injection to determine which lymph node basin 
was draining melanomas in ambiguous areas such as the midline (Holmes et al. 
1977). Fifteen years later, the same group described a novel technique for intraop- 
erative identification of the sentinel lymph node (SLN) using injection of vital dye 
(Morton et al. 1992), a technique which closely resembles the SNB procedure used 
today for a variety of solid tumors, including melanoma (Morton et al. 1992) and 
breast cancer (Wilke and Giuliano 2003). The use of a handheld gamma camera 
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was subsequently added in order to ease intraoperative identification and improve 
sentinel node identification rates (Alex and Krag 1993). 

For many surgeons, sentinel node biopsy has become an increasingly important 
staging tool in patients with melanoma. However, its exact role has yet to be fully 
defined and is to a large degree dependent on the results of large-scale prospective 
multicenter trials such as MSLT-I and MSLT-II (Morton et al. 2006). 

Interest in applying the SNB technique to patients with head and neck squamous 
cell cancer was relatively more recent, with a report of successful SNB in a patient 
with supraglottic cancer in 1996 (Alex and Krag 1996). The further development of 
SNB in OSCC will be described later in this chapter. 

Peritumoral Injection and Lyphoscintigraphy 

The sentinel node is defined as ". . .the first draining lymph node on the direct lym- 
phatic pathway from the primary tumour site" (Morton and Bostick 1999) 

Radiolocalization of the sentinel node begins with preoperative lymphoscintig- 
raphy (LSG), a technique first applied to head and neck cancer by Koch et al. 
(1998). Injection of radiolabeled colloid solution around the primary tumor leads to 
drainage along the afferent lymphatics to the first-echelon, or sentinel, nodes. Here, 
the radiocolloid solution can accumulate and the resultant radioactivity may be 
visualized using a gamma camera. 

The lymphatic anatomy of the head and neck region has been extensively studied, 
and patterns of drainage from the oral cavity and oropharynx are thought to be 
relatively predictable. However, aberrant lymph drainage can occur, and in these 
cases, this may lead to inappropriate placement of initial incisions or failure to 
correctly identify a true sentinel node (Werner et al. 2003). Preoperative LSG is 
particularly useful in guiding the surgeon for placement of the initial access incision. 

Radioisotopes and Optimal Radiation Dose 

The choice of radiopharmaceutical is dependent on a number of factors. The agent 
should have a short half-life, limiting the radiation dose to the injection site. It should 
emit only gamma rays, with a suitable energy to allow detection, and should be cleared 
rapidly from the injection site, allowing early visualization of the lymphatics. The 
particle size should be uniform, to allow reproducible results, and should allow the 
agent to accumulate and persist in the lymph node until imaging can be performed 
(Cody 1999; Ross et al. 2002a). The best currently available radiopharmaceutical is 
radiolabeled technetium ( 99m Tc), which was first used in 1965 (Garzom et al. 1965). 

A variety of 99m Tc-labeled colloids are commercially available. However, licensing 
varies between regions, and this frequently restricts the available choices. In Europe 
and parts of the United States, there are two colloids available: Albures™ and 
Nanocoll™ (Nycomed Amersham, Buckinghamshire, UK). Albures™ has a larger 


56 


L.W.T. Alkureishi et al. 


particle size (500 nm), is slower moving, and tends to remain in the first echelon lymph 
nodes. The large size limits its use to primary tumor sites with a high density of termi- 
nal lymphatic vessels, and it is commonly used in the anterior tongue and floor of the 
mouth. Nanocoll™ is a smaller colloid, with a mean particle size of 50 nm. This theo- 
retically allows its use in sites with lower densities of terminal lymphatics, such as the 
remainder of the oral cavity and oropharynx. However, its small particle size also 
potentially allows it to pass more readily from the sentinel node to the second-echelon 
lymph nodes (Ross et al. 2002a; Ross et al. 2004a, b). In some regions, including parts 
of the United States, colloids based on human serum albumin have not been approved, 
and therefore, the most commonly used colloid in these areas is sulfur colloid. Sulfur 
colloid preparations are available in both unfiltered (particle size 300-340 nm) and 
filtered (particle size <200 nm) forms (Tafra et al. 1999). 


Injection Technique 

Patients undergo LSG up to 1 day prior to surgery. Depending on the timing of surgery, 
up to 80 MBq 99m Tc radiolabeled colloid is injected throughout the normal mucosa 
surrounding the tumor edge and submucosa on the deep and lateral aspect of the tumor. 
A volume of approximately 0.2-1.0 ml is used to completely encircle the tumor 
(Ross et al. 2002a, b). At the end of injection, the tumor should be completely surrounded 
by colloid. A permanently secured needle should be used to prevent inadvertent spillage 
into the mouth. Immediately following injection of the radiopharmaceutical, a mouth- 
wash should be used to prevent sumping or swallowing of residual radioactivity. 
Care should be taken in patients with ulcerated lesions to minimize leakage from tumor 
edge to the ulcer and thereby into the general oral cavity (Shoaib et al. 1999). 


Lymphoscintigraphy 

Lymphoscintigraphy imaging may be either static or dynamic. There is currently no 
evidence favoring either technique. Static LSG is performed at predefined intervals, 
until the appearance of radioactive nodes. The exact timing of static imaging varies 
widely between centers. All areas of focal increased uptake visualized on LSG, 
outside of the primary injection site, should be considered sentinel nodes regardless 
of the sequence in which they arise. It is usual to see focal increased activity within 
the first 15 min before injection. One hour before injection, if there has been no 
visualization of lymph nodes, they may be located in close proximity to the primary 
injection site. Leakage of radiocolloid from the injection site into the oral cavity 
may also prevent visualization of the sentinel nodes. At each time point, images 
should be acquired in two planes: anterior, and lateral or lateral-oblique. 

A radiolabeled Cobalt ( 57 Co) marker may be employed to trace the patient's 
outline, or a flood source of 57 Co or 99m Tc can be placed behind the patient to produce 
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a silhouette of the patient's outline. A gamma camera fitted with a low energy, 
high-resolution (LEHR) collimator is used to image the patient. 

It is recommended that the skin overlying any localized SLNs should be marked 
with indelible marker pen. However, the final decision as to whether the skin should 
be marked at the site of SLN should be made locally following discussion with the 
surgical team. If skin marking is performed, it should be confirmed in two planes. The 
SLN may be located using a handheld gamma probe, or by moving a radioactive 
marker source over the patient's skin during imaging until its position coincides with 
the surface projection of the SLN. A lead plate of an appropriate thickness (e.g., 
3 mm) may be used to shield the injection site, reducing the high signal detected from 
the primary tumor (Shoaib et al. 1999; Ross et al. 2002a, 2004a, b). 


Planar Lymphoscintigraphy vs. Single Photon 
Emission CT with CT 

Planar lymphoscintigraphy in two projections, with the addition of an anterior oblique 
view if necessary, allows for safe and reliable SLN detection with a previously pub- 
lished SLN detection rate of 96% (Stoeckli 2007). In the meantime, technology has 
evolved, and single photon emission computed tomography with CT (SPECT/CT) 
has become available in some centers (Fig. 3.3). Preliminary reports suggested a 
benefit of SPECT/CT over dynamic planar lymphoscintigraphy alone, especially for 
carcinomas of the floor of mouth with close proximity to sentinel nodes in level I. 

There is no doubt that SPECT/CT allows the surgeon better topographical ori- 
entation and delineation of SLNs against surrounding structures (e.g., muscles, 
vessels, and bones), but this subjective impression and benefit of SPECT/CT do not 
influence the final success of the procedure. In a recent study, SPECT/CT was not 
superior to planar LSG alone with respect to number and localization of hot spots 
and ultimately excised SLNs (Haerle et al. in press). 

The data of this study are in contrast with the results of Bilde et al. (2006), who 
have identified 47% more SLNs by SPECT/CT than on planar LSG, but in agree- 
ment with those of Keski et al., who found no additional value from SPECT/CT 
over planar LSG alone (Keski-Santti et al. 2006). In summary, planar LSG seems 
sufficient for successful lymphatic mapping, but SPECT/CT may help the surgeon 
with three-dimensional orientation. 


Operative Technique 

Patients should undergo SNB within 24 h of the injection of radiocolloid, in order 
to ensure detectable radioactivity levels. The patient should be anaesthetized, pre- 
pared, and draped as for a standard excision and neck dissection. 
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Fig. 3.3 Lymphoscintigraphy and single photon emission CT (SPECT)/CT images: (a) Anterior 
projection static lymphoscintigraphy, (b) anteroposterior, lateral, and axial SPECT/CT views in 
the same patient 

Use of Blue Dye 

In many centers, the SNB procedure begins with injection of blue dye around the 
primary tumor. The dye enters the local lymphatics, staining them a vivid blue color and 
aiding visualization of both the draining channels and the sentinel nodes themselves 
(Morton et al. 1992). However, this technique is not universally accepted, and many 
investigators feel that its disadvantages outweigh its perceived benefits. Principally, 
there is a concern that the injection of blue dye at the tumor edge can obscure the true 
surgical margins, making adequate resection more difficult to ensure. Additionally, it 
has been reported that blue dye is unnecessary in order to ensure excellent sentinel node 
identification rates (Dunne et al. 2001). Proponents of the technique report that injection 
of blue dye is a useful adjunct that serves to facilitate easier - and faster - identification 
of the draining lymphatics (Shoaib et al. 1999, 2001; Ross et al. 2002b). The combina- 
tion of preoperative lymphoscintigraphy, intraoperative injection of blue dye, and use of 
the handheld gamma probe has been termed the triple-diagnostic technique. 
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If blue dye is to be used, it should be injected by the same operator as the 
injection of radiocolloid, in order to ensure uniform and consistent administration. 
Every effort should be made to ensure that the same injection points are used. Up 
to 2 ml of dye is injected throughout the mucosa and submucosa, surrounding the 
tumor on its lateral and deep aspects. The brand of dye used is dependent on the 
geographical region, with Patent Blue V Dye (Laboratoire Guerbet, Aulnay-Sous-Bois, 
France) employed in Europe, and Lymphazurin™ (Tyco Healthcare Group LP, 
Norwalk, CT, USA) in the United States. 


Risk of Anaphylaxis 

There is a small but appreciable risk of anaphylactic reaction associated with the use of 
blue dyes injected during SNB. A number of reports have described cases of anaphy- 
laxis following administration of isosulphan blue and Patent Blue, and there have also 
been reports of cross-reactivity between the dyes (Scherer et al. 2006). In a recent large 
series of over 3,300 patients, the authors reported their first anaphylactic complication 
after 12 years of experience with the technique (Kaufman et al. 2008); however, other 
investigators have reported incidences of up to 2.7% (Scherer et al. 2006). 

Management of anaphylaxis in this patient group should follow the management 
of any patient with anaphylaxis; close monitoring and hemodynamic support are critical. 
However, a recent report has highlighted that a biphasic response to the allergen may 
be seen, with anaphylactic episodes at 15 min and 2-h postinjection, and this should 
be borne in mind when managing these patients (Liang and Carson 2008). 


Skin Incision 

Following injection, the neck incision is made. Placement of this incision should be 
guided by the preoperative LSG images and skin markings made by the nuclear 
medicine physician. The placement and orientation of the incision should also 
facilitate excision of the scar in the event of a subsequent neck dissection. For 
patients undergoing SNB-assisted ENB, the neck dissection skin flaps may be 
elevated after injection of blue dye, facilitating surgical access for the remaining 
procedure. 


Use of the Handheld Gamma-Probe 

Surgical dissection is guided by the preoperative LSG images, which should be made 
available in the operating room, and by a handheld gamma probe fitted with a 14-mm 
diameter straight collimated probe. The pulse height analysis window should be set 
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just to include the 99m Tc photopeak with a cut-off on the low energy side at about 
1 30 keV. The handheld probe can be directed toward areas of high signal, providing 
more immediate guidance regarding the direction of dissection. A series of 1-mm- 
thick, malleable sterilized lead plates may be used to mask the primary tumor, reducing 
detection of "shine-through" radioactivity from the injection site and aiding intraopera- 
tive identification of radioactive nodes. If blue dye was previously injected, visualized 
lymphatic channels should be followed to the first-echelon lymph nodes. All "hot" 
(radioactive) nodes, and all blue nodes, are regarded as sentinel nodes and should be 
excised. Radioactivity should be confirmed ex vivo before sending the nodes for 
pathological evaluation. All harvested nodes should be labeled according to neck 
level, radioactivity, and color. Patients undergoing SNB-assisted ENB may then pro- 
ceed to completion of the neck dissection. At the end of the procedure, the handheld 
gamma camera should be used to detect any residual radioactivity in the surgical bed 
and in the neck dissection specimen. When no radioactivity is present in the neck, 
closure can then be undertaken (Shoaib et al. 1999; Ross et al. 2002b). 

In some centers, lymph nodes that exhibit radioactivity less than 10% of the 
"hottest" node are not routinely removed. The rationale for this is based on the 
results of the large Sunbelt Melanoma Trial (McMasters et al. 2004), which deter- 
mined that removing only those nodes with a radioactivity count greater than 10% 
of the hottest node is associated with a failure rate of approximately 2%. To date, 
no similar data have been reported for squamous cell carcinoma. 

Pathologic Evaluation of Harvested Lymph Nodes 
Histopathologic Work-Up 

SNB is mainly a minimally invasive staging procedure with implications on further 
patient management. Earlier work has shown that increasing the number of lymph 
node sections taken from neck dissection specimens also increases the detection of 
occult disease (Ambrosch and Brinck 1996). In SNB, the number of lymph nodes 
to be investigated is considerably reduced in comparison with END. This reduction 
in workload for the pathologist allows for more extensive work-up of the SLN. 
Thorough histopathologic examination of the SLNs is most crucial for the accuracy 
of this technique. 

There is still some debate on how best to section SLNs. The goal should be to 
detect most of the occult metastases in order to correctly stage the neck. The current 
recommendation, formulated at the Second International Conference on Sentinel 
Node Biopsy in Mucosal Head and Neck Cancer in 2003, is step serial sectioning 
of the entire SLNs at intervals of 150 urn (Stoeckli et al. 2005). Conventional stain- 
ing with H&E and immunohistochemistry with cytokeratin staining must be avail- 
able. SLNs that appear negative on H&E have to be stained with cytokeratin, as 
immunohistochemistry facilitates the detection and increases the rate of micro- 
metastatic deposits. 
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The presence of occult metastases is assessed and their size measured with 
standardized ocular measurement devices. If there is no evidence of disease on 
H&E and cytokeratin staining, the node is declared tumor free. If cytokeratin 
deposits are detected, the positive section must be compared with the immediately 
adjacent serial section, previously stained with H&E, to determine whether the 
positivity was due to the presence of viable tumor cells. Artifacts, or inclusion of 
tissues other than SCC, present challenging pitfalls and warrant an experienced 
pathologist to avoid false positive reports. 


Classification of Occult Metastases 

Histologically detected lymph node metastases in clinically nodal negative necks 
are, by definition, occult metastases. Some authors erroneously use the term 
micrometastasis for any metastasis detected by histological work-up of a clini- 
cally NO neck. Hermanek et al. proposed a classification of occult metastases 
according to well-defined histologic criteria, and this is shown in Table 3.1 
(Hermanek et al. 1999). 

Occult metastases are subdivided into isolated tumor cells (ITC; small clus- 
ters of tumor cells within the lymph node sinuses), micrometastases, and metas- 
tases. ITC have been defined in the sixth edition of the TNM classification of 
malignant tumors as "...single tumor cells or small clusters of cells not more 
than 0.2 mm in greatest dimension that are usually detected by immunohis- 
tochemistry or molecular methods, but which may be verified with H&E stains. 
ITC do not typically show evidence of metastatic activity (e.g., proliferation or 
stromal reaction) or penetration of vascular or lymphatic sinus walls" (Sobin and 
Wittekind 2006). 

Micrometastases and metastases represent infiltrations of the lymph node paren- 
chyma by tumor deposits smaller and larger than 2 mm, respectively. This classifi- 
cation has also been proposed for use in the context of SNB for oral and 
oropharyngeal SCC (Stoeckli et al. 2002a, b), and widely accepted as ITC, micro- 
metastases and metastases may have different therapeutic and prognostic 
implications. 


Table 3.1 Classification of isolated tumor cells (ITC) and micrometastasis (Hermanek et al. 1999) 


ITC 


Micrometastasis 


Size 

Contact with lymph sinus wall 
Invasion of lymph sinus wall 
Extrasinusoidal stromal reaction 
Extrasinusoidal tumor cell 


No 
No 
No 
No 


Single tumor cells or small clusters 


Smaller than 2 mm 

Yes 
Yes 


Usually yes 


Yes 


proliferation 
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Implications of SNB on the TNM Classification 

The sixth edition of the TNM classification of malignant tumors, published in 
2002, presents both a definition of the sentinel node and a proposed classifica- 
tion system for its use in oral/oropharyngeal SCC (Sobin and Wittekind 
2002). 

When SNB is attempted, this should be indicated by the addition of the desig- 
nation (sn) after the N category. Cases with ITC are classified as pNO (i+) (sn), 
while those with a micrometastasis designated pNl (mi) (sn). The presence of 
micrometastases leads to upstaging of the N category, whereas isolated tumor cells 
do not result in upstaging of the neck. Classification according to these criteria is 
pivotal to avoid stage migration when comparing the results of treatment with 
historical cohorts. 


Frozen Section 

Traditionally, the detection of occult disease by SNB is followed by a thera- 
peutic neck dissection. This represents a disadvantage for those patients who 
have to undergo a second surgical procedure. Intraoperative frozen section 
analysis of SLN was discouraged for a long period of time because of the dis- 
advantages of freezing artefacts, loss of tissue, and high expenditures of labor 
and time. Several groups have investigated the accuracy of frozen sections for 
SLN in OSCC. In a study by Stoeckli et al. (2007), the negative predictive 
value of a negative SNB on frozen section achieved 83%. Only 17% of the 
patients had to undergo a second procedure because of false negative frozen 
sections of the SLNs, mostly due to ITC or tiny micrometastatic disease not 
revealed on frozen sections. Two other studies have reported equally encouraging 
results (Terada et al. 2005; Tschopp et al. 2005). Currently, novel intraoperative 
staging techniques such as imprint cytology (Asthana et al. 2003), and even 
intraoperative real-time genetic evaluation (Hamakawa et al. 2004), are under 
investigation and may change the protocols in the near future. For the time 
being, frozen section analysis can be considered as safe and accurate, sparing 
a second surgical procedure in the majority of patients with occult disease 
in the SLNs. 


Management of SLN Positive Patients 

Currently, the recommendation is to dissect all necks with tumor deposits in the 
SLNs, regardless of the type of occult disease. With more data and experience, this 
general recommendation may be modified. 
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Early Applications of Sentinel Node Biopsy in OSCC 


Phase I Trials 

The technique of sentinel node biopsy was first successfully applied to OSCC by 
Alex and Krag in 1996. The authors reported a patient with neck metastases from 
a supraglottic cancer, successfully identified by gamma-probe radiolocalization 
(Alex and Krag 1996). Interest in the technique mounted, but many of the initial 
reports were unfavorable. Pitman et al. (1998) described a series of 16 patients with 
HNSCC, in which identification of sentinel nodes was unsuccessful using injection 
of blue dye alone. Koch et al. (1998) reported unsuccessful gamma-probe SNB in 
three of five patients with cNO OSCC, and suggested that while the technique 
appears feasible for selected patients, the problems they encountered may indicate 
that further study is not warranted. In a larger study of 20 patients, Shoaib et al. 
reported problems with the use of blue dye alone, and inaccuracy of SNB for 
patients with a clinically positive neck. However, as part of the same study, the 
authors reported that SNB with both blue dye and radiocolloid was successful in 
identifying subclinical metastases in seven of seven patients (Shoaib et al. 1999). 
The difficulties posed by the cN-H neck were previously noted in other cancers such 
as melanoma, and were subsequently highlighted in patients with HNSCC by 
Werner et al. (1999). These problems are thought to be due to the raised hydrostatic 
pressures and distorted architecture within grossly metastatic lymph nodes, pre- 
venting entry of radiocolloid or dye into the lymph node and diverting flow to a 
different, uninvolved, node (Werner et al. 1999; Dunne et al. 2001). 

Most centers began to focus on patients with clinically negative necks, primarily 
with clinical stage Tl or T2 primary tumors in the oral cavity and oropharynx. Early 
reports took the form of validation studies, with patients undergoing sentinel node 
biopsy followed by immediate END and comparison of the pathology. As experi- 
ence with the procedure increased, the reported identification rates for sentinel nodes 
improved and many authors began to describe successful SLN harvest in 90-100% 
of cases (Taylor et al. 2001; Stoeckli et al. 2001; Zitsch et al. 2000; Bilchik et al. 
1998; Mozzillo et al. 2001; Dunne et al. 2001). Significantly, these early phase I 
validation studies were also beginning to demonstrate a very low false negative rate 
(0-6%) for the sentinel node procedure; that is, the immediate END did not appear 
to detect a significant number of cases in which nodal disease had been "missed" by 
the SNB (Table 3.2). This finding led to further interest in the procedure as a staging 
tool for early OSCC, and paved the way for subsequent stage II trials. 


Learning Curve 

Experience has shown that lymphatic mapping in the neck can be technically chal- 
lenging (Morton et al. 1992), and there is a significant learning curve associated with 
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the procedure (van der Veen et al. 1994; Ross et al. 2004a, b; Haerle et al. in press). 
This learning curve, coupled with the still-evolving technique, may account for some 
of the early difficulties encountered in some reports. As such, it is recommended that 
all centers wishing to participate in a clinical trial should first validate the technique 
by performing SNB-assisted END, with comparison of the pathological results. An 
overall accuracy of 90% and an identification rate of 90% in ten consecutive cases 
should be demonstrated before patients may be entered into the trial. 


Cost-Effectiveness of Sentinel Node Biopsy 

Sentinel node biopsy may potentially also offer some financial advantages, com- 
pared to traditional management of the cNO neck. Traditionally, patients with a 
greater than 20% chance of subclinical neck metastasis would be managed with an 
END (O'Brien et al. 2000). Each neck dissection specimen can potentially consists 
of 20 or more lymph nodes, each of which must be examined individually by the 
pathologist. While the evaluation of a sentinel node is generally more extensive in 
comparison with a routine neck dissection specimen, the nature of the procedure 
allows the pathologist to focus attention on just a few selected nodes. This can 
potentially lead to a significant reduction in the pathologist's workload by reducing 
the number of unnecessary neck dissections performed. The cost of analyzing a 
sentinel node specimen is estimated to be approximately half that of a modified 
radical neck dissection specimen (van Diest et al. 2001). 

Although there are a few studies demonstrating these benefits in patients with 
OSCC, a number of reports have demonstrated tangible cost benefits for the man- 
agement of melanoma (Genta et al. 2007). It is postulated that the use of SNB for 
melanoma reduces the operative morbidity seen with END due to the limited dis- 
section required. Brobeil et al. (1999) estimated cost savings to the health care 
system of approximately $172 million per year for SNB in melanoma, where in 
SNB was used instead of END for staging regional disease. The cost analysis 
included total hospital charges and professional fees, and demonstrated that 
patients, providers, payers, employers, and industry are all beneficiaries of SNB 
technology. The long-term cost savings and benefit were found to far outweigh the 
initial investment of purchasing equipment and training personnel. 

Current Status: Where Do We Stand? 
Inclusion Criteria 

During the last decade, SNB has been validated for feasibility and accuracy against 
the gold standard, END, in many studies from different centers throughout the 
world. These validation studies have been performed within the context of END 


3 Sentinel Node Biopsy in Oral Cancer 


67 


(Mamelle et al. 2006; Civantos et al. 2006; Shoaib et al. 1999; Stoeckli et al. 2001). 
Most of the studies were restricted to oral and oropharyngeal squamous cell carci- 
noma, with a strong preponderance of oral cavity cancers. Therefore, with respect 
to the anatomic site of the primary tumor, the SNB procedure can currently only be 
considered validated for tumors arising in the oral cavity and in accessible subsites 
of the oropharynx (i.e., soft palate, lateral wall). Several investigators have reported 
on successful SNB for other locations such as the hypopharynx and the supraglottic 
larynx (Werner et al. 2004). Due to the limited number of studies and patients 
included, these sites should still be considered investigational. 

Tumors in hidden areas such as the hypopharynx, base of tongue, and supraglot- 
tic larynx cannot be reached with the patient awake for injection of the radiotracer. 
Therefore, preoperative evaluation with LSG is not possible, and the tracer must be 
injected under general anesthesia with endoscopic guidance. Whether lymphatic 
mapping based solely on the use of the intraoperative gamma probe gives equiva- 
lent results remains questionable, since the regional nodes along the jugular chain 
are located in close proximity to the injection site in the hypopharynx and larynx. 
Radioactive scatter from the primary site makes the detection of the sentinel nodes 
difficult. In addition, node-negative squamous cell carcinoma of the hypopharynx 
and supraglottic larynx are rather rare, as these tumors mainly present in advanced 
stages, and many of these tumors will be treated nonsurgically. Therefore, the main 
indication for SNB, to date, includes squamous cell carcinoma of the oral cavity 
and accessible oropharynx. 

For successful SNB of squamous cell carcinomas of the oral cavity and the 
oropharynx, there are further limitations with respect to tumor size. Large tumors 
are difficult to completely surround with the tracer injection, they show a tendency 
to drain to multiple lymphatic basins, and in most patients, they require a neck 
dissection for either access to tumor resection or defect reconstruction. In the early 
phase I trials, large tumors (T3/4) were included in SNB protocols, leading to 
unreliable results for the reasons mentioned above (Ross et al. 2002a). As a result, 
there is a current consensus that SNB should be restricted to early tumors staged 
Tl/2 (Ross et al. 2004a, b; Stoeckli et al. 2005). 

There are three main clinical situations for which SNB in early oral and oropha- 
ryngeal squamous cell carcinoma is an accepted indication. The first and most 
frequent is to stage the ipsilateral cNO neck in a unilateral primary tumor. The sec- 
ond indication is to assess the ipsilateral and contralateral cNO necks in primary 
tumors close to or crossing the midline. The third indication is to assess the contral- 
ateral cNO neck in primary tumors close to or crossing the midline with an ipsilat- 
eral cN-H neck, in order to decide whether these patients need bilateral neck 
dissections, or whether the morbidity can be reduced by performing an ipsilateral 
neck dissection and contralateral SNB alone. 

A further potential indication has, to date, been largely unexplored and is more 
anecdotal, but nevertheless clinically highly attractive. Patients with previous treatment 
to the neck by either radiation or neck dissection are routinely excluded from SNB 
protocols. The strength of lymphatic mapping and SNB is the individual analysis of 
the lymphatic drainage of a specific tumor in a distinct individual. Prior radiation or 
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surgery to the neck obviously distorts lymphatic drainage patterns, potentially giving 
rise to unexpected patterns of nodal metastases. In the case of a small recurrent or 
second primary tumor, lymphatic mapping can be used in these patients to analyze 
the lymphatic pathways directing surgical intervention to the region at risk. 


Exclusion Criteria 

Many patients undergoing SNB for early oral cancer are included in prospective 
trial protocols. Most protocols exclude children, pregnant women, and lactating 
women for safety reasons; most radiotracers are not approved for use in these 
patients. Off-label use should be considered with caution, and with respect to a 
risk-benefit analysis in each individual case. 


Sentinel Node Biopsy as the Sole Staging Procedure 

Some centers have subsequently abandoned END in the case of a negative SNB, 
largely as a result of the encouraging outcomes of validation studies. The reported 
high level of accuracy of the SNB procedure, with a false-negative rate of approxi- 
mately 5%, has allowed some investigators to proceed with SNB as the sole staging 
tool in selected patients. 

To date, two large prospective clinical observational trials have been published 
(Ross et al. 2004a, b; Stoeckli 2007). The first, a multicenter trial based at the 
Canniesburn plastic surgery department in Scotland, reported the results of SNB in 
134 patients from 6 European centers. All patients had cTl/2 NO disease and under- 
went either SNB-assisted END or SNB alone. The interim results were published 
at 2 years of follow-up in 2004, and reported a 93% SN identification rate and 93% 
sensitivity for the SNB procedure (Ross et al. 2004a, b). After a full 5 years of 
follow-up, one further patient developed nodal recurrent disease, bringing the over- 
all sensitivity to 91% and negative predictive value to 95% at 5 years (Alkureishi 
et al. 2008). Of particular note in this patient series, both the SN identification rate 
and sensitivity were found to be significantly lower in patients whose tumors were 
located in the floor of the mouth. The authors attribute these discrepancies to the 
technical difficulties of accessing tumors in this location, and the close proximity 
of the primary tumor potentially masking the true location of the sentinel nodes. As 
a result, the authors concluded that SNB can be successfully applied as the sole 
staging tool for the majority of tumors in the oral cavity and oropharynx, but advise 
caution when applying the technique to floor-of-mouth tumors. 

The second study represents the largest single-institution experience published 
to date (Stoeckli 2007). In this study, the total number of 51 consecutive patients 
with cTl/2, cNO OSCC were prospectively enrolled in the observational part of the 
trial. The sentinel node detection rate was 98%. Forty percent of the patients were 
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upstaged as a result of a positive SNB, and underwent neck dissection. Only two 
patients with negative SNB experienced a neck recurrence. The negative predictive 
value of SNB for the remaining neck was therefore 94%. All patients with positive 
SNB were treated with an END of levels I— III for oral cavity primaries, and levels 
II-IV for oropharyngeal SCC. No postoperative radiotherapy was employed. The 
authors conclude that SNB as the sole staging procedure is reliable and that patients 
with positive SNB can be safely treated with neck dissection. 

The data from these observational trials have subsequently been merged with 
data from a number of experienced European centers to form the prospective 
European Sentinel Node Trial, known as SENT. The mean follow-up for this data- 
set is currently at 27 months, and the authors have reported on an interim analysis 
focusing on sentinel node-positive patients (Ross et al. 2008). 

The authors report 72 patients (86 neck sides) who were found positive by sentinel 
node biopsy and who went on to receive therapeutic neck dissection as part of the sen- 
tinel node protocol. Thirty-six of the 86 neck sides (42%) were found to have additional 
disease in the neck dissection specimen. Of these additional positive lymph nodes, 52% 
were found in the same neck level as the positive SLN, while a further 44% were 
located in a level immediately adjacent (higher or lower) to the positive SLN. Only 4% 
of the positive nodes were located in a neck level other than that of the positive SLN or 
its immediate relations. Additionally, only one of the 86 neck sides (2%) was found to 
have positive disease beyond levels I— III. The authors conclude that based on these data, 
it may be feasible to limit the therapeutic neck dissection following SNB to three levels 
- one above and one below the positive SLN - as a means of further reducing the mor- 
bidity of the procedure without compromising the oncologic safety. 

In the United States, the American College of Surgeons' Oncology Group 
(ACOSOG) Z0360 trial completed accrual in 2006. This prospective multicenter valida- 
tion study involves 137 cTl/T2 patients from 25 institutions and is currently in the 
follow-up phase. The authors recently published an interim analysis of their data, with 
promising results (Civantos 2007). Based on preliminary pathology with H&E staining 
alone, the authors reported a negative predictive value of 94%, and this is expected to 
rise when the data from additional pathologic evaluation become available. Similar to 
the results of the Canniesburn multicenter trial, the authors found that the accuracy of 
sentinel node biopsy was significantly lower for tumors located in the floor of the 
mouth, with a negative predictive value of 88.5% compared with 95.8% for other sites, 
and concluded that while SNB is a promising technique, further advances in its applica- 
tion are required before it can be reliably applied to tumors in the floor of the mouth. 


The Future of Sentinel Node Biopsy in OSCC 

The sentinel node biopsy procedure currently provides an additional tool for the 
staging of patients with early oral/oropharyngeal squamous cell cancer. However, 
it is not without its limitations, and sound knowledge of these is essential for the 
physician wishing to employ it. Presently, the exact role of SNB in the management 
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of squamous cell cancer remains largely undefined, and it is hoped that the results 
of upcoming large-scale prospective studies will go some way toward further elu- 
cidating this role. The SENT trial is ongoing, as is the ACOSOG Z0360 study 
(Civantos et al. 2005). The results of these studies may pave the way for true ran- 
domized phase III trials, comparing the outcomes of patients undergoing SNB 
alone (with therapeutic neck dissection for SNB-positive patients) with those of 
patients undergoing END, which remains the standard of care in most institutions. 
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Chapter 4 

Prediction of Nodal Metastases from Genomic 
Analyses of the Primary Tumor 

Amy S. Whigham and Wendell G. Yarbrough 


Abstract Due to the associated poor prognostic significance, the finding of nodal 
metastases during the evaluation and staging of patients with head and neck cancer 
drives therapeutic decisions. Advances in imaging have enabled the detection of 
smaller cervical metastases with more certainty; however, an unacceptable portion 
(a minority) of patients with negative clinical and radiographic evaluation for cervi- 
cal disease actually has metastases upon pathologic evaluation of resected nodes. 
Clinicians are left in the uncomfortable position of treating cervical nodal basins in 
patients with greater than 20% risk of metastases based on historical data, despite 
the fact that, in the majority of patients, this intervention may not be beneficial. 
This treatment frequently results in patient morbidity and is a health care expendi- 
ture that could be redirected if physicians could better predict metastases. On the 
cellular level, metastasis is a rare event due to its complex nature requiring that 
the metastatic tumor cells acquire a number of disparate behaviors through gene 
alterations. Recent data suggest that gene expression profiling of the primary tumor 
can predict metastatic potential. Because primary tumor biopsies provide adequate 
material for gene expression profiling, one can imagine that data derived from a 
diagnostic biopsy could be used to direct therapeutic decisions. 


Introduction 

Head and neck squamous cell carcinoma (HNSCC) remains a significant source of 
morbidity in the United States and worldwide. Current treatment for head and neck 
cancer is based on relatively unsophisticated information, such as the site of origin, 
tumor size, and the presence of lymphatic or hematogenous metastases. Oral cavity 
squamous cell carcinoma (OSCC) displays a wide range of metastatic behavior that 


W.G. Yarbrough (El) 

Department of Otolaryngology & Department of Cancer Biology, Vanderbilt-Ingram Cancer 
Center, Vanderbilt University School of Medicine, 2220 Pierce Avenue, 654 Preston Research 
Building, Nashville, TN, 37232, USA 
e-mail: wendell.yarbrough@vanderbilt.edu 


J. Myers (ed.), Oral Cancer Metastasis, 75 
DOI 10. 1007/978-1 -44 19-0775-2_4, © Springer Science+Business Media, LLC 2010 


76 


A.S. Whigham and W.G. Yarbrough 


cannot be predicted by tumor size, standard histology, or even individual gene or 
protein expression/activity. The use of multimodality therapy in the treatment for 
HNSCC has rendered the American Joint Committee on Cancer (AJCC) staging 
system less adequate as a prognostic indicator (Salesiotis and Cullen 2000). 
Although the head and neck cancer staging system may be antiquated, the presence 
or absence of neck metastases consistently retains statistical correlation with survival 
(Spiro et al. 1974; Schuller et al. 1980; Anderson et al. 1994; Sessions et al. 2000, 
2002, 2003). Molecular characteristics such as estrogen/progesterone receptor and 
HER2 status in breast cancer and chromosomal translocations in lymphomas are 
used clinically to subclassify these tumors and to guide therapy; however, no molec- 
ular characteristics are currently used in clinical decision making for HNSCC. 

More recently, global gene expression techniques have been used to classify 
tumors and predict behavior with the goal of improving treatment strategies. 
Despite the clinically obvious heterogeneity of OSCC, there are currently no means 
of predicting individual tumor behavior. Treatment decisions are based on experience, 
including clinical trials designed to identify modalities with the greatest percentage 
of patient response. While this strategy maximizes overall response of the population 
of HNSCC cancer patients, it condemns those patients whose tumor may behave 
less aggressively to unnecessary morbidity. Based on clinical trials and personal 
experience, treatments that benefit only a minority of patients may be abandoned 
as noneffective. Microarray gene expression analyses provide semiquantitative 
detection of thousands of individual genes. Perhaps the most important application 
of this technique is to correlate changes in gene expression with changes in tumor 
behavior, such as proliferation, metastases, or response to drug therapy (He and 
Friend 2001). Accurate prediction of metastases in oral and HNSCC would have an 
immediate clinical impact through avoidance of unnecessary treatment of patients 
at low risk with appropriate direction of resources toward aggressive treatment of 
patients at high risk of having metastatic disease. Additionally, elucidation of key 
pathways involved in tumor metastasis may direct therapeutic investigation and 
intervention (Fidler 1990). 


Oral Cavity Cancer 

Head and neck cancer cases within the United States number more than 45,000 per 
year with oral cavity cancer accounting for approximately 20,000 cases annually 
(Jemal et al. 2007). Head and neck cancer is the fifth most common cancer and the 
sixth leading cause of cancer-related death in the United States (Kim et al. 2002). 
Histology of oral cavity cancers is relatively uniform, with squamous cell carcino- 
mas comprising 80-90% of these tumors (Chung et al. 2006b). OSCC is strongly 
associated with tobacco and alcohol use, but recently human papillomavirus (HPV) 
has been etiologically implicated in HNSCC, including up to 50% of oropharyngeal 
tumors and potentially a portion of oral cavity cancers (Gillison et al. 2000; Mellin 
et al. 2000; Lindel et al. 2001; Schwartz et al. 2001;Ritchie et al. 2003). 
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The clinical behavior of HNSCC varies greatly from one tumor to another, but 
all are treated similarly based on tumor location, tumor size, and the presence of 
lymph node and distant metastases. The oral cavity includes the subsites of tongue, 
floor of mouth, lip, alveolar ridge, hard palate, and buccal mucosa (Fig. 4.1); car- 
cinoma of the lip is most often etiologically linked to sun exposure and may con- 
sequently be viewed as a distinct clinical entity. The oral cavity is critical for 
alimentation and communication, and therapy for OSCC can have deleterious 
effects on swallowing and speech. Advanced tumors of the oral cavity are fre- 
quently treated with surgery followed by concurrent chemotherapy and radiation 
therapy. Even small primary tumors of the oral cavity have a propensity to metas- 
tasize to cervical nodes, mandating that the majority of patients, even those with no 
clinical or radiographic evidence of nodal metastases, undergo some form of neck 
treatment either for staging or therapeutic purposes (Kligerman et al. 1994). To 
minimize the adverse effects of neck dissection for staging, sentinel node tech- 
niques are now being evaluated for their ability to accurately predict the absence of 
cervical metastases (Taylor et al. 2001; Ross et al. 2004; Werner et al. 2004; Kovacs 
2007). Unfortunately, sentinel node biopsies still require a neck procedure to 
remove one or more lymph nodes. Although techniques are being developed to 
rapidly analyze resected sentinel nodes, current practice requires a staging surgery 
followed by definitive neck dissection for histologically positive sentinel nodes 
(Ross et al. 2002; Becker et al. 2004; Ferris et al. 2005; Stoeckli 2007). Currently, 
there are no molecular characteristics of the primary tumor that are used clinically 
to predict the risk of cervical metastases. 


Buccal Mucosa 



Floor of Mouth 


Hard Palate 


Tongue 


Retromolar Trigone 


Fig. 4.1 Oral Cavity. The oral cavity and its subsites of tongue, hard palate, floor of mouth, 
alveolar ridge, buccal mucosa, and retromolar trigone 
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Microarray Analyses of Gene Expression 

Technologies in functional genomics, such as microarray analysis, permit qualitative 
and quantitative biologic investigations on a genome-wide scale (Mohr et al. 2002). 
The basic technique requires extraction of DNA or RNA from biological samples, 
such as tumor biopsies or resection specimens. The nucleic acids can be amplified 
before labeling with a fluorescent marker. The labeled DNA/RNA is then hybridized 
to a microarray, a platform on which thousands of gene sequences are localized in 
specific and distinct locations (Warner et al. 2004). Because nucleic acid hybridiza- 
tion relies on complementary sequences, each deposited gene sequence will specifi- 
cally bind homologous DNA or RNA derived from the original sample. Unbound 
DNA/RNA is washed away and the fluorescent intensities are measured (Butte 
2002). The intensity of fluorescence at a particular location is a measure of the 
amount of a particular gene or RNA sequence in the original sample. If messenger 
RNA (mRNA) derived from a sample of interest (e.g., tumor) is used as the starting 
material, then the intensity of fluorescence corresponding to a particular gene will 
give an indication of the level of expression of that gene within the tumor. 
Microarrays containing all human gene sequences are readily available, allowing 
creation of gene expression profiles containing all known genes (Warner et al. 2004). 
Obviously, the amount of data created from a single microarray experiment is enor- 
mous. Comparisons of data from multiple samples or even from multiple different 
array platforms require sophisticated bioinformatics and biostatistical tools. 

There are several roles for microarrays in oncologic research, with implications 
for clinical practice. Microarrays can be used to detect specific gene mutations with 
improved speed, accuracy, and sensitivity compared with classical sequencing or 
screening techniques. In cancer research, oligonucleotide arrays have been used to 
screen for mutations in oncogenes and tumor suppressors (Mohr et al. 2002). By 
combining oligonucleotide arrays with comparative genomic hybridization tech- 
niques, gene copy number changes can be detected. The screening of single nucle- 
otide polymorphisms (SNPs) by oligonucleotide array can be used to determine or 
predict loss of heterozygosity, individual variability of drug metabolism or activity, 
and in particular individual disease susceptibility for conditions that rely on the 
interaction of multiple genes (e.g., hypertension, diabetes, cardiovascular disease, 
cancer) (Mohr et al. 2002). Microarrays can also augment investigation of gene 
function and have solidified connections between previously unrecognized signal- 
ing pathways. Arguably, the major use of microarrays for clinical applications in 
oncologic research has been to determine differences in gene expression between 
disparate tumors, between tumor and normal, or between tumors with similar clini- 
cal and histologic characteristics (Mohr et al. 2002). These comparisons are used to 
provide insight into differences that in some way correlate with tumor behavior, 
such as growth, metastases, or response to therapy, or with clinical course of dis- 
ease, such as recurrence or survival. 

Regardless of the molecular technique utilized, there are inherent limitations 
imposed by examination of RNA as a measure of gene expression. Since techniques, 
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including expression microarrays, that measure mRNA do not directly detect pro- 
teins, they may not accurately predict expression or activity of the encoded protein. 
Proteins are the effectors that guide cellular behavior; consequently, it would be 
ideal to measure protein levels or activity within biological samples. For example, 
transcription of some genes, such as p53, remains relatively constant despite the 
wide variation in its protein levels, which are regulated primarily by protein stabi- 
lization. Additionally, some proteins, such as signaling molecules, are not primarily 
regulated by either transcription or protein stability. Activity of these critical pro- 
teins is frequently regulated by posttranscriptional modifications, including phos- 
phorylation, acetylation, and ubiquitination. Despite these limitations, expression 
microarray analyses may accurately predict protein activity based on downstream 
effects on transcription of regulated genes. For instance, stabilized/activated p53 
leads to transcription of many mediators of cell cycle arrest or apoptosis that are 
readily measured with mRNA-based techniques. 


Utility of Gene Expression Analysis 
Distinguish HNSCC Tumor Subtypes 

Between and within cancers there exists a significant degree of heterogeneity of 
cellular makeup and genetic alteration. Fortunately, current scientific methods pro- 
vide techniques to meticulously analyze the gene expression profiles of such com- 
plex tumor samples. Each tumor has a unique gene expression pattern, termed a 
molecular "signature" or "portrait" (Chung et al. 2002). Tumors that are morpho- 
logically similar may have significantly different molecular signatures. The ability 
to distinguish tumors with aberrant clinical behavior based on clinical or histologi- 
cal features has been a challenge in oncology. Sorlie et al. (2001) examined the 
gene expression profiles of 78 breast carcinomas. Hierarchical clustering of these 
histologically similar tumors based on microarray data revealed five unique groups. 
Although breast carcinomas have been previously separated into groups based on 
ERRB2 (HER2) expression, gene expression data identified two unique and previ- 
ously undescribed subtypes of ERBB2 positive tumors. Remarkably, the data 
divided the two subtypes of ERBB2-positive breast carcinomas as those with good 
prognosis and those with poor prognosis. 

Human papillomavirus has recently been etiologically linked with a subset of 
HNSCCs (reviewed in McKaig et al. 1998; Gillison et al. 2000; van Houten et al. 2001). 
The presence of HPV in HNSCC ranges from 15% to 34%. The oropharynx is the 
subsite within the head and neck most commonly affected by HPV-associated tumors, 
but squamous cell cancers of other subsites such as oral cavity and larynx may also be 
associated with HPV (McKaig et al. 1998; D'Souza et al. 2007). As with HPV infec- 
tions of the uterine cervix, oral HPV infections are associated with sexual activity, and 
oral HPV infection is associated with increased risk of oropharyngeal squamous cell 
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carcinoma (D'Souza et al. 2007). Surprisingly, HPV-associated risk is independent of 
the known HNSCC risk factors of tobacco and alcohol (D'Souza et al. 2007). Greater 
than 90% of HPV-positive oropharyngeal tumors contain HPV type 16, previously 
identified as high risk with respect to premalignant and malignant lesions of the cervix. 
HPV-positive HNSCC appears to have discrete clinical and biological characteristics 
when compared with HPV-negative HNSCC (Sisk et al. 2002; Ritchie et al. 2003). HPV 
E6 and E7 viral proteins inhibit tumor-suppressors p53 and Rb, respectively, and drive 
tumorigenesis. It is hypothesized that in HPV-positive HNSCC the downstream effects 
of loss of p53 and Rb activity on other tumor-related genes would confer a gene expres- 
sion profile that is distinct from HPV-negative HNSCC (van Houten et al. 2001). 
Ninety-one genes that are differentially expressed between HPV-positive and -negative 
tumors (/?<0.01) were identified with data from global gene expression analyses 
(Slebos et al. 2006). Several of the upregulated genes are involved in cell cycle regula- 
tion or transcription, and many have been previously linked with HPV-associated uter- 
ine cervical cancer (Santin et al. 2005). This set of 91 genes was able to correctly predict 
the HPV status in 100% of the samples tested (Slebos et al. 2006). Other studies have 
confirmed the biological distinction of HPV-positive HNSCC both clinically and 
molecularly (van Houten et al. 2001; Gillison 2004; Weinberger et al. 2006). 


Predict Survival and Outcome 

The AJCC staging system alone is not adequate as a prognostic indicator (Salesiotis 
and Cullen 2000). In fact, decreased survival and risk of recurrence portended by 
cervical lymphatic metastases is of such great concern that necks without clinical or 
radiographic signs of metastases (clinically and radiographically NO) are treated if 
risk of cervical metastases is deemed to be greater than 20% based on the size and 
site of the primary tumor. In attempts to more accurately classify HNSCC patients 
into high- and low-risk groups, histological evaluation of the primary tumor for 
growth pattern and lymphatic/vascular invasion has been examined to determine if 
these pathologic features correlate with risk of cervical metastases and, therefore, 
with overall survival. These studies have yielded mixed results, with some data indi- 
cating that vascular and lymphatic invasion may help in assessing survival and other 
studies suggesting that histological evidence of lymphatic invasion does not corre- 
late with poor prognosis (Johnson et al. 1987; Fagan et al. 1998). Likewise, a micro- 
scopic invasion pattern of thin finger-like projections or single-cells has been 
contradictorily associated with both decreased overall survival and with improved 
organ preservation following induction chemotherapy (reviewed in Bradford 1999). 
Tumor and pathologic features have been examined in NO oral cavity cancers to 
determine if they can predict metastatic potential. No parameter examined, including 
site (tongue vs. floor of mouth), T stage (Tl vs. T2), or tumor thickness could be 
correlated with the presence of cervical metastases (Kligerman et al. 1994). 

Other attempts to improve prognostic accuracy in HNSCC have been driven by 
emerging technologies such as analyses of tumor ploidy using flow cytometry and 
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molecular analyses for gene defects in the primary tumor. Perhaps the most common 
approach to augment the prognostic information provided by the TNM staging classifi- 
cation has been to examine individual genes within the tumor that are involved in 
critical pathways such as proliferation, apoptosis, immortalization, and angiogenesis. 
These pathways are expected to be perturbed in primary tumors, but physicians and 
researchers would like to know if a particular molecular defect of an individual pathway 
could predict metastatic potential or survival in HNSCC patients (Hahn et al. 1999). 
Initial excitement for this approach has been hampered by low sensitivity/specificity or 
by reports from follow-up studies that contradict earlier reported results. One example 
evaluates the apoptotic pathway in HNSCC tumors. Separate studies of Bcl-2 have 
suggested that overexpression is associated with improved survival, decreased survival, 
and increased locoregional failure and is not predictive of survival at all (Gallo et al. 
1999; Klatka 2001; Wilson et al. 2001). Mutations in p53 have also been shown not to 
correlate with survival, to be associated with poor prognosis, and to be associated with 
improved survival (Sauter et al. 1992; Bradford et al. 1997; reviewed in Assimakopoulos 
et al. 2000; Alsner et al. 2001; Klatka 2001). Studies of proliferative oncogenes have 
similarly been confusing, with expression of c-erbB2 correlating with decreased 
survival in one study and not predictive of survival in another study (Giatromanolaki 
et al. 2000; Shiga et al. 2000). Taken together, these data are confusing, are not 
clinically useful, and suggest that individual molecular markers are inadequate to 
predict tumor aggressiveness, metastatic potential, or response to therapy, and that singly, 
molecular markers in tumors lack the power to guide therapeutic decisions (Salesiotis 
and Cullen 2000). Molecular analyses of HNSCC, although initially exciting, have thus 
far failed to be clinically useful. Ability to accurately identify primary head and neck 
tumors with metastatic potential will identify patients in need of aggressive therapy, as 
well as spare the cost and morbidity of neck therapy to patients at low risk. 

After identification of a subset of HNSCC tumors related to HPV, effects to 
further characterize this subtype have examined the clinical characteristics of HPV- 
positive HNSCC. Multiple studies have revealed prognostic implications for HPV- 
associated HNSCC (reviewed in Gillison 2004). Overall and disease-related 
survival have been found to be statistically significantly improved in patients with 
HPV-associated HNSCC when compared with HPV-negative tumors (Gillison et al. 
2000; Sisk et al. 2002; Ritchie et al. 2003; Weinberger et al. 2006). In one large 
study of patients with oral cavity or oropharyngeal squamous cell carcinoma, those 
with HPV-positive tumors had improved overall and disease-specific survival, 
despite having tumors that were more advanced in stage (Schwartz et al. 2001). The 
ability to identify such a subset of HNSCC with improved prognosis may permit 
the selection of patients for less aggressive surgical and medical therapies. 


Predict Tumor Behavior and Therapeutic Response of Tumors 

Gene expression data from multiple tumor types may provide insight into their 
clinical behavior. Chung et al. (2002) compared gene expression profiles of lung 
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and breast tumor data sets from the Stanford Microarray Database. By hierarchical 
clustering, a common gene expression pattern emerged from these disparate tumor 
types. Genes within this pattern, termed the "proliferation cluster," have been 
shown to be responsible for cell cycle regulation, DNA replication, and chromo- 
somal modification. Further analysis correlated expression of this proliferation 
cluster with in vitro cellular growth in breast, lung, ovarian, prostate, liver, and 
gastric tumors (Perou et al. 2000; Garber et al. 2001; Welsh et al. 2001; Chen et al. 
2002; Hippo et al. 2002; LaTulippe et al. 2002). Perhaps more importantly, 
increased expression of genes within this molecular cluster in vivo was linked with 
poor prognosis (Chung et al. 2002). 

While many tumor markers have the potential to provide insight into prognosis 
of HNSCC, there are currently no molecular markers that predict response to con- 
ventional therapies. The identification of such markers has contributed to treatment 
advances in other cancer types. In breast cancer, cellular expression of the estrogen 
receptor correlates with a positive therapeutic response to the antiestrogen tamox- 
ifen (Fisher et al. 1989). Activation of the Abl tyrosine kinase, as indicated by the 
presence of the Philadelphia chromosome, in chronic myelogenous leukemia pre- 
dicts response to the Abl kinase inhibitor imatinib (Gleevac) (Druker et al. 2001). 
In HNSCC, recent studies suggest that the presence of HPV in the tumor is associ- 
ated with improved response to therapy and survival (Mellin et al. 2000; Lindel 
et al. 2001; Li et al. 2003). Further exploration of the effect of HPV as a predictor 
of response and mechanism of action is warranted. Additional molecular markers 
that are predictive of treatment response or outcome in HNSCC would be of tre- 
mendous value to clinicians. 


Gene Expression Analysis in HNSCC 

Head and neck squamous cell carcinoma has been categorized based on histologic 
features, but it is clearly a group of diseases with disparate clinical behavior. 
Etiology related to carcinogen exposure is well documented, and the gross molecular 
basis of progression has been described (Sidransky et al. 2003; Hashibe et al. 2007); 
however, these data have not elucidated individual molecular variation that deter- 
mines tumor behavior. To gain a better understanding of carcinogenesis in HNSCC, 
microarray technology has been applied to the analyses of normal, premalignant 
lesions, and HNSCC. Greater than 12,000 genes were queried using a microarray 
platform revealing that 334 genes had altered expression in premalignant lesions 
compared with histologically normal tissue (Ha et al. 2003). Remarkably, only 23 
genes exhibited altered expression in the progression from premalignant to malig- 
nant, suggesting that many more gene expression changes are required for early 
events in tumorigenesis. Not surprisingly, the products of those genes upregulated in 
malignant tumors relative to normal tissue were associated with well-known tumor- 
related processes such as apoptosis, angiogenesis, cell cycle control, transcriptional 
regulation, cell adhesion, and cell-signaling pathways (Ha et al. 2003). 
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Cell Biology and Molecular Determinants of Metastasis 

Recent advances have been made in the diagnosis and treatment of cancer, includ- 
ing identification of plasma or serum biomarkers, imaging techniques, local and 
systemic therapies, and surgical techniques. These advances have had little effect 
on overall cancer survival largely because disseminated disease is resistant to cur- 
rent therapy and is the most common cause of cancer-related death (Fidler 2003). 
In HNSCC, two-thirds of patients present with local or regionally advanced disease 
(Kim et al. 2002). Metastasis is defined as the growth of tumor cells at a site distant 
to the primary tumor location. Broad categorization divides metastases into either 
lymphatic or hematogenous. Early in the progression of OSCC, blood-borne metas- 
tases are rarely encountered; however, lymphatic metastases are very common at 
initial patient presentation and are frequently the only sign of cancer early in the 
natural history of OSCC. 

Growth of metastatic tumors represents the culmination of a complex multistep 
process that necessitates the interaction of the tumor cells with the surrounding 
stroma and stromal cells, as well as with tissue components at the ultimate meta- 
static site (Fidler 1990). The multistep process to acquire metastatic potential can 
be likened to the multistep process of tumorigenesis with many necessary genetic 
alterations. Requirements of metastasis include: (1) invasion of a primary tumor, 
(2) development of new blood or lymphatic vessels, (3) detachment of the meta- 
static cell, (4) intravasation of tumor cells into the lymphatic or blood channels, (5) 
extravasation of the tumors cells from the lymphatic or blood vessel into the site of 
metastasis, and (6) implantation and growth of tumor cells at this distant site 
(Fig. 4.2). The regulation of each step is complex and can involve alteration of 
multiple cellular pathways (Table 4.1). For instance, blood-borne circulating tumor 
cells have to avoid anoikis, attach to a vessel wall within the organ capable of sup- 
porting metastatic tumor growth, extravasate, and survive and grow in a foreign 
environment without the benefit of conditioned tumor-associated stromal cells. As 
discussed by Gershenwald and Fidler (2002), one step in the metastatic pathway 
can occur independently and via other pathways than another. Many studies suggest 
that gene alterations accompany these steps necessary for metastases, and microar- 
ray gene expression analysis is particularly well suited to identify genes involved 
in these processes (Kitadai et al. 1996; Herbst et al. 2000; Hynes 2003). 

Models of Metastasis from Primary Tumors 
Clonal Selection 

Despite the devastating clinical effect of metastases, it is a rare cellular event for 
almost all tumor types. Quite large cancers with millions of cells may lead to no 
metastases or only a single metastasis, indicating that only a single cell derived 
from the primary tumor was able to successfully metastasize. To explain the rarity 
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of metastases as well as to account for the multiple genetic alterations needed for 
metastases, traditional models have posited that very rare cells within the primary 
tumor develop metastatic potential. This model is best described as the clonal selection 
model (Fig. 4.3a) and accounts for the paucity of metastases even in large tumors 
containing 10 9 -10 12 cells (Talmadge 2007). Additionally, the clonal selection model 
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Table 4.1 Biologic processes involved in tumor metastasis and some respective key gene products 


Biologic process 


Gene products 


Growth/proliferation 

Cell cycle regulation 
Angiogenesis/lymphangiogenesis 

Detachment/invasion 

Adherence to vessel wall 
Survival/apoptosis 


EGFR family members, met, IGFR and ligands, 

myc, ras, fos, jun, MAPK, Akt, PI3K 
Cyclins, CDKs, p53, pl6, p21, p27, E2F family, p63 
VEGF, bFGF, IL-8, PDGF, bFGF, ET-1, COX2, 

ephrin, Eph receptors, NFkB 
MMPs, E-cadherin, catenins, serine proteases, 

HGF, TGF-(3 
E-cadherin, selectin, integrins 
p53, EGFR, TGF-P, Akt, met, PI3K, pl4ARF, Fas, 

p63, p73, Bel and family members, caspases, 

stress-activated protein kinase p38 


Studies of multiple tumor types, including gastric carcinoma, nonsmall cell lung cancer, melanoma, 
and breast cancer, indicate the potential role of the above gene products in the development of 
tumor metastases (Webb and Vande Woude 2000; Debies and Welch 2001; Takahashi et al. 
2002; Kang et al. 2003; Nyormoi and Bar-Eli 2003; Wulfing et al. 2005; Zhu et al. 2006; Nissen 
et al. 2007) 

EGFR epidermal growth factor receptor, IGFR insulin-like growth factor receptor, MAPK 
mitogen-activated protein kinase, PI3K phosphoinositide kinase 3, CDK cyclin dependent 
kinase, VEGF vascular endothelial growth factor, bFGF basic fibroblast growth factor, IL-8 
interleukin 8, PDGF platelet derived growth factor, ET-1 endothelin 1, COX2 cytochrome c oxidase 
subunit II, NFkB nuclear factor-kappa B, MMP matrix metalloproteinase, HGF hepatocyte growth 
factor, TGF-f) transforming growth factor (3 


a Clonal Selection 



c 

Fig. 4.3 Models of metastasis, 
(a) Clonal selection, (b) clonal 
dominance, and (c) clonal 
selection in a predisposed 
background 


Clonal Selection in a 
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assumes that alteration of genes important for metastases does not provide a selec- 
tive growth or survival advantage within the primary tumor. The clonal selection 
model was validated when clonally derived murine melanoma cells were shown to 
have distinct metastatic potential when injected into the circulation of mice (Fidler 
and Kripke 1977). Further support for the clonal selection model derives from 
comparative genomic hybridization revealing that close to one-third of examined 
breast tumor/metastatic pairs had patterns of chromosomal alterations that did not 
resemble each other (Kuukasjarvi et al. 1997). Supplementary support for the 
clonal selection model includes additional studies confirming that characteristics of 
metastatic lesions differ from the parent primary tumors (Gancberg et al. 2002). 
Cell line subpopulations with increased metastatic potential have gene expression 
patterns that differ from the nonmetastatic subpopulations (Kang et al. 2003). 
Studies of a breast cancer cell line found that altered expression of a set of genes is 
associated with bony metastases and proved that forced expression of these genes 
increases metastatic potential (Kang et al. 2003). Many of the genes that were asso- 
ciated with increased metastatic potential are secreted or are cell surface proteins 
(interleukin [IL]-11, connective tissue growth factor [CTGF], matrix metalloprotei- 
nase [MMP]-1) that encourage angiogenesis or osteolysis. 

In opposition to the clonal selection model are data from HNSCC and other 
tumor types suggesting that metastatic potential of a tumor can be predicted by 
examination of the bulk of the primary tumor (van't Veer et al. 2002; Ramaswamy 
et al. 2003; Chung et al. 2004a; Roepman et al. 2005). Consistent with the clonal 
selection model, cells with metastatic potential would be rare within the primary 
tumor and genetic defects that impart metastatic potential would not be represented 
in the bulk of the primary tumor. Accordingly, the clonal selection model predicts 
that gene expression profiling of the primary tumor would be incapable of predict- 
ing the ability of the tumor to form metastases. 


Clonal Dominance 

The clonal dominance model can be envisioned as an extension of the clonal 
selection model. As with the clonal selection model, rare cells with metastatic 
potential would arise within the primary tumor; however, unlike with the clonal 
selection model, the rare cell with metastatic capabilities would overgrow and 
eventually replace the majority of the cells within the primary tumor (Fig. 4.3b). 
This model would be consistent with the ability to detect metastatic potential 
from analyses of the primary tumor, but ignores data suggesting that metastatic 
tumor cells and primary tumor cells have distinct molecular differences 
(LaTulippe et al. 2002). The clonal dominance model does not suggest why a 
cell that obtains metastatic capacity would supplant nonmetastatic cells at the 
primary tumor site, nor would it support experimental data suggesting that only 
rare tumor cells within the primary tumor should be capable of metastasizing. 
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Furthermore, if millions of cells within a primary tumor all possessed the abil- 
ity to metastasize, what would restrict widespread multiple metastases? Of 
course, it could be argued that even with a surfeit of fully capable metastatic 
cells, the process of metastasis has so many hurdles and is so arduous that, by 
probability alone, millions of cells must attempt metastases before one suc- 
ceeds partly by chance. 


Clonal Selection in a Predisposed Background 

One appealing model of metastasis accounts for many clinical and research 
observations regarding metastases. The clonal selection in a predisposed back- 
ground model (Fig. 4.3c) can justify seemingly disparate data indicating that 
gene expression profiles within the primary tumor can predict metastases as 
well as data showing that metastatic lesions have alterations seen only in rare 
clonal derivatives of the primary tumor. Prevailing thought suggests that tum- 
origenesis progresses through multiple rounds of mutagenesis and Darwinian 
selection. Cells obtain mutations that promote proliferation or survival, and 
then the "more fit" cells eventually dominate the tumor mass. This selection 
process is repeated as many as ten times during the development of a tumor to 
impart the characteristics necessary for tumor formation, such as unregulated 
proliferation, avoidance of apoptosis, angiogenesis, and avoidance of immune 
surveillance (Hanahan and Weinberg 2000). The clonal selection in a predis- 
posed background model of metastasis hypothesizes that early genetic events 
during tumorigenesis not only provide a survival advantage but also impart 
upon the tumor characteristics necessary, but not sufficient, for metastases 
(Bernards and Weinberg 2002; Hynes 2003). Therefore, the majority of the 
tumor cells within the tumor have most, but not all, genetic alterations neces- 
sary for metastases. Tumor cells within such metastatically predisposed tumors 
would require only a few additional genetic alterations, or perhaps an encoun- 
ter with conditioned stromal cells, to realize full metastatic potential, thus 
explaining the molecular differences found between metastatic deposits and 
the primary tumor. Gene expression data comparing primary tumors and 
metastases derived from the tumor detect statistically significant differences, 
but these differences are limited (Suzuki and Tarin 2007). Additionally, gene 
expression profiles and hierarchical clustering reveal that primary tumors are 
more closely related to their derived metastases than to other primary tumors 
(Weigelt et al. 2003; Roepman et al. 2006a). The clonal selection model would 
predict that metastatic lesions would not necessarily be more closely related to 
their parent primary tumors than to other metastatic tumors. The clonal selec- 
tion in a predisposed background model, like the clonal dominance model, 
portends that gene expression profiles of the primary tumor should be capable 
of predicting metastases. 
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Controversy remains, regarding the role or even existence of cancer stem cells in 
HNSCC. Cancer stem cells are described as rare cells within the cancer that are 
relatively undifferentiated and are capable of recreating all aspects of the tumor 
from very small numbers. In HNSCC, a cell surface marker, CD44, is expressed on 
a minority of cancer cells; when cells expressing CD44 are implanted into immune 
deficient diabetic SCID mice, tumors are obtained from very small numbers of cells 
(Prince et al. 2007). 

A model of metastasis incorporating cancer stems cells could be envisioned to 
approximate the clonal selection model (Fig. 4.3a). In such a stem cell model, 
cancer stem cells would be capable of metastasizing due to their undifferentiated 
phenotype and genetic plasticity. However, once again, such a model would sug- 
gest that biopsy of the more differentiated cells within the tumor would not be 
capable of predicting metastases. Alternatively, a metastatic model incorporating 
cancer stem cells could be conceived that resembles the clonal selection in a pre- 
disposed background model (Fig. 4.3c). In this model, the cells with metastatic 
potential may be the cancer stem cells themselves or a small group of metastati- 
cally enabled cells derived from the cancer stem cells. As with the clonal selection 
in a predisposed background model, the majority of the cancer cells within the 
primary tumor would have genetic characteristics derived from the stem cells. 
Early gene alterations in the cancer stem cell population would impart both growth 
and survival advantages as well as set a foundation for metastatic potential. Of 
course, cancer stem cells within different tumors could either possess or lack 
metastatic potential explaining the variation in metastases observed between indi- 
vidual tumors. 


Metastatic Profiles Within a Tumor 

Metastatic heterogeneity within the primary tumor was described by Fidler and 
Kripke (1977) through their study of mouse B16 melanoma. As primary tumors 
demonstrate biologic heterogeneity with respect to metastatic potential, it can be 
extrapolated that heterogeneity of molecular metastatic profiles exists within a 
primary tumor. This heterogeneity may be due to variable genetic alterations within 
the tumor. Conversely, the heterogeneity within primary tumors may be due in part 
to different ratios of primary tumor cells and the tissue microenvironment. Solid 
tumor sections often contain components of the extracellular matrix and stromal 
constituents, such as fibroblasts, vascular elements, and inflammatory cells. 
Roepman et al. (2006b) used seven primary HNSCC samples to study the impor- 
tance of sample cellular composition. Variations in the percentage of tumor vs. 
stromal cells within samples revealed biases that altered predictive accuracy. Those 
samples with less than 50% tumor cells demonstrated a clear reduction in the power 
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to predict metastases compared to samples with 60-70% tumor cells. The samples 
with a lower tumor cell percentage, and conversely a higher percentage of stromal 
elements, exhibited a bias toward positive prediction of nodal metastases. 
Interestingly, the predictive power of samples with 80-100% tumor cell composi- 
tion was also reduced, thereby emphasizing the contribution of stromal elements to 
the metastatic process. 

Seed and Soil Hypothesis 

As first proposed by Paget (1889) in the nineteenth century, there is a complex 
interaction between the cancer cell and the tissue to which it metastasizes. Each 
cancer cell is capable of developing into a tumor, yet different tumor types show 
discreet preference for metastasis to certain organs. Paget performed 735 necrop- 
sies of patients who succumbed to breast cancer. Of this group, 241 were found to 
have breast cancer deposits in the liver, while only 17 had cancer deposits in the 
spleen. This inequality is interesting as both the liver and the spleen were thought 
to have the same theoretical chance of metastasis based on organ size and blood 
flow. In other diseases, such as pyemia, the incidence of abscesses of the liver and 
spleen are less disproportionate, suggesting that the propensity of breast cancer 
metastases for the liver cannot be explained by vascular embolism alone. 
Consequently, the cancer cells (metaphorical seeds) are reliant on particular factors 
of the host environment (the soil). This observation by Paget is commonly referred 
to as the seed and soil hypothesis. 

Data from cancer patients and mouse studies supports Paget's interrelated seed 
and soil hypothesis (Fidler 2003). As an example, after introduction of B16 mela- 
noma cells into rodent circulation, tumors developed in pulmonary and ovarian 
tissue but not in renal tissue (Hart and Fidler 1980). Similarly, the expression of 
vascular endothelial growth factor-C in cutaneous melanomas and fibrosarcomas 
has been found to be directly correlated with the incidence of lymph node metasta- 
ses but unrelated to pulmonary metastases (Padera et al. 2002). Finally, injection of 
syngeneic melanoma tumor cells into murine internal carotid arteries revealed that 
B16 melanoma cells produced meningeal tumors, whereas K-1735 melanoma cells 
developed brain parenchymal metastases, suggesting that even very similar tumors 
may have distinct organ or site preferences for metastases (Schackert and Fidler 
1988). Paget's theory is also verified by the pattern of human ovarian cancer metas- 
tases. Metastatic ovarian cancer has a propensity for the peritoneal cavity but is 
rarely seen in other visceral organs. Autopsies performed on ovarian cancer patients 
with peritoneovenous shunts revealed that the introduction of metastatic cancer 
cells into the jugular venous circulation did not significantly alter the risk of metas- 
tasis to extraperitoneal sites (Tarin et al. 1984). Consequently, the propensity of 
tumors to metastasize is not solely dependent on their ability to enter the circula- 
tion. The cumulative data suggest that both tumor specific and host properties are 
responsible for the development of distant metastases. 
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Metastatic Profiles of Tumor Stroma 


A complex interaction between tumor cells and the surrounding stroma within the 
tumor has recently been recognized as an important factor in tumor behavior. Within 
a cancer, epithelia and mesenchymal cells signal to one another and, through this 
signaling, alter or condition cellular behavior. In a molecular signature of metastasis 
identified by Ramaswamy et al. (2003), several expressed genes, such as collagen, 
actin, and myosin, appeared to be derived from the stromal tumor elements, as 
opposed to the epithelial components. These data contradict earlier concepts that the 
epithelial component of a cancer was sufficient to describe tumor behavior but are 
consistent with data suggesting that stromal cells within a cancer dramatically influ- 
ence epithelial cell behavior even to the point of producing malignant behavior from 
otherwise premalignant cells (reviewed in Cunha et al. 2003). Analyses of many 
gene expression profiles derived from cancers suggest that both malignant epithelial 
and conditioned stromal elements of a primary tumor contribute to metastatic poten- 
tial. Predictive metastatic profiles from primary HNSCC include contributions from 
genes presumptively derived from stromal elements such as vascular, immune, and 
mesodermal cells (Chung et al. 2004a; Roepman et al. 2005). Modulation of noncel- 
lular stromal elements in HNSCC metastases is also suggested by gene expression 
analyses. Genes encoding proteins responsible for binding to the extracellular 
matrix as well as those involved in degradation of the extracellular matrix were both 
overexpressed in metastatic tumors (Roepman et al. 2006c). Although these data 
appear incongruous, they in fact validate the complex nature of the tumor microen- 
vironment and substantiate opinion that tumor cells likely utilize both degradation 
and attachment-based mechanisms of motility and invasion. 

The interaction of the cancer cells and their environment is a key determinant in the 
site of organ metastasis. Statistical analysis of microarray profiles of metastatic lesions 
collected from murine lung, liver, kidney, and bone after intravenous injection of 
human small cell lung cancer cells clustered the lesions into organ- specific groups 
(Kakiuchi et al. 2003). Genes related to biological functions including growth-factor 
receptors, cytokines, chemokines, adhesion molecules, protein synthesis, cell motility, 
and metabolism distinguished the four groups. The pulmonary metastases were dif- 
ferentiated from those to kidney by the type of lectin, a protein that modulates cell-cell 
and cell-matrix interactions; the metastatic pulmonary lesions expressed LGALS1, 
whereas renal metastases expressed LGALS9. Several genes whose expression was 
increased in these experimental pulmonary deposits (e.g., RHOC, ITBG4, SDC1, C3, 
MT2A, and CALM) were previously associated with pulmonary metastases. 


Profiles in Primary Tumors vs. Metastases 

The gene expression patterns of primary tumors have been compared with those 
of metastatic tumors to determine if the metastatic potential of primary tumors 
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develops from rare cells within the primary or derives from characteristics of the 
bulk of the primary tumor. Roepman et al. (2006a) examined the gene expression 
profiles of oral cavity/oropharyngeal HNSCC and their matched lymph node 
metastases. In 57%, the metastatic sample was most similar to its respective primary. 
In five of six primary tumor samples that did not cluster with their metastases, the 
matched metastatic nodal samples analyzed, contained less than 50% tumor cells 
within the lymph node. A within-pair, between-pair scatter ratio (WPBPSR) was 
calculated to determine the significance of similarity between matched primary 
tumors and lymph node metastases (Weigelt et al. 2003). Eighty-six percent of the 
matched pairs had a WPBPSR less than 1, indicating that the matched samples were 
more similar to each other than to the other primary or metastatic samples. 
Expression profiles between primary breast cancer tumors and distant metastases 
are also maintained (Weigelt et al. 2003). A single gene was differentially expressed 
between the primary tumors and the metastases, metastasis-associated gene 1 
(MTA1). MTA1 is a regulator of epithelial-to-mesenchymal transition, a process 
that changes epithelial cell morphology and activities, such as motility and the 
decreased need for cell-to-cell contact, to more resemble mesenchymal cells. 

Epithelial-to-mesenchymal transition has been shown to be predictive of poor 
prognosis in HNSCC and has been associated with metastatic potential (Chung 
et al. 2004b, 2006c; Kang and Massague 2004). Profiles from metastatic deposits 
of oral and oropharyngeal HNSCC were compared with two previously identified 
metastatic molecular signatures derived from primary tumors (Roepman et al. 
2005, 2006c). Compared with their matched primary tumors, the metastatic samples 
had a similar expression of both sets of metastatic signature genes. Hence, the primary 
oral cavity and oropharyngeal HNSCC exhibit general and metastatic gene expression 
patterns similar to those of derived metastases. These findings indicate that gene 
expression profiles indicative of metastatic potential are possessed by the majority 
of the cells within the tumor, thereby supporting the theories of clonal dominance 
or clonal selection within a predisposed background. 


Prediction of Metastasis 

Multiple Profiles are Predictive of Metastasis 

One criticism of gene expression profiling as a mechanism of predicting tumor 
metastases highlights the fact that different labs examining the same tumor type 
will arrive at predictive profiles that have minimal overlap. If gene expression of 
the primary tumor is responsible for tumor behaviors necessary for metastases, then 
why would different genes be identified that can predict metastases with similar 
accuracy? Explanations have varied, but detractors of expression analyses for 
prediction of clinical behavior suggest that microarray techniques are unreliable or 
that specimen processing before analyses introduces experimental variation 
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that overwhelms biologically relevant differences. Others suggest that complex 
biostatistical and bioinformatic techniques used for analyses of extremely large 
data sets tend to "overfit" the data creating seemingly accurate prediction profiles 
that are not based on biologically relevant genes. In HNSCC, Roepman et al. 
(2006c) addressed this important question by performing multiple comparisons of 
an identical data set. Three thousand predictive profiles were generated. Interestingly, 
these distinct profiles distinguished node-negative and node-positive HNSCC with 
similar accuracy. Similar predictive accuracy was not solely due to a small core set 
of genes that was present in each profile since only 20-25% of the genes were 
included in all predictive profiles (Roepman et al. 2006c). Instead, it was proposed 
that interchanging different genes with similar expression profiles within groups, 
but with difference between metastatic and nonmetastatic groups, accounted for 
similar predictive ability despite the fact that the molecular profiles contained dif- 
ferent genes. This explanation accounts for the observed variability of predictive 
genes from disparate labs. Slight differences in gene expression among distinct 
tumor samples or alteration of the microarray platform or the exact statistical tools 
used for selection of genes would be expected to result in variation in the identity 
of genes selected; however, if selected genes had similar expression patterns 
between metastatic and nonmetastatic tumors, predictive power would be similar. 
Thus, multiple molecular signatures may be identified with equivalent predictive 
outcomes. 

Both the quality and the number of genes in a molecular profile affect the 
predictive ability of the set. After exclusion of the most frequently selected genes 
identified by Roepman et al. (2006c) from molecular signatures, the predictive 
accuracy decreased but nonetheless remained near the predictive clinical accuracy 
of 75%. By increasing the number of predictive genes in a molecular signature, the 
accuracy rose to 80-90%. Consequently, the quantity of the predictive genes in a 
set can counterweigh a decline in quality. 


Common Genes for Metastasis Across Multiple Tumor Types 

Metastatic potential of cancer cells is thought to have a common molecular basis 
driven by selective pressure or hurdles that the successful metastatic cell must over- 
come (Fig. 4.2, Table 4.1). It is clear that there are differences that affect the meta- 
static site or the frequency of metastases, but a core of common behaviors must be 
shared by metastatic cells. If a limited number of genes regulate these processes 
required for metastases, then a core set of genes may be found that are altered in all 
metastatic tumors. Ramaswamy et al. (2003) examined 64 primary adenocarcino- 
mas from lung, breast, prostate, colorectal, uterus, and ovary and identified a shared 
17 gene molecular signature for metastasis. Eight genes within this group were 
overexpressed, while nine were downregulated. Four of the genes that were upregu- 
lated are components of the protein translational apparatus, and one is involved in 
sister chromatid separation during cell division. This same 17 gene signature was 
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applied to 279 solid tumors derived from different organ sites (lung, breast, prostate 
and medulloblastoma) and found to correlate with metastasis and worse clinical 
outcome (p<0.03) (Ramaswamy et al. 2003). 


Prediction of Metastasis in HNSCC 

Distant metastases in HNSCC are extremely rare at initial presentation. On the 
other hand, metastases to regional lymph nodes are very common, and even if there 
are no clinical or radiographic signs of metastases, many subsites within the head 
and neck have occult metastatic rates approaching 25%. Sixty primary HNSCC 
samples were analyzed by Chung et al. (2004a) to predict prognosis and lymph 
node metastases. Key details of this and other microarray analyses of HNSCC 
metastases are shown in Table 4.2. Fifty-five of these samples were primary tumors, 
and five were local recurrences at the primary site. Expression of over 12,000 genes 
was analyzed, comparing primary HNSCC tumors, normal tonsillar epithelium, and 
HNSCC cell lines. Despite the fact that these tumors were indistinguishable based 
on all clinical, histological, and radiographic features, four distinct subtypes of 
HNSCC were identified. Remarkably, these four subtypes had differences in 
disease-free and overall survival (Chung et al. 2004a). Tumors from the group with 
the worst clinical outcome exhibited high expression of transforming growth factor 
alpha (TGFa), which has previously been linked with poor outcome in HNSCC, as 
well as increased expression of four genes previously identified in aggressive sub- 
types of breast cancer (Quon et al. 2001; Sorlie et al. 2001). Pathway analyses of 
the microarray data correlated activation of the EGFR pathway in the tumors with 
poor outcome. As previously observed in lung carcinoma, the group with the best 
prognosis clustered with the normal epithelial samples (Garber et al. 2001). The 
expression signature associated with cervical metastasis included many genes pre- 
viously identified in prediction of breast cancer metastases (Huang et al. 2003; 
van't Veer et al. 2002). For pathologic lymph node status, the prediction accuracy 
was 57-60%. Interestingly, approximately half of the classification mistakes were 
made in prediction of tumors of oral cavity origin, suggesting that tumors of the 
oral cavity may be genetically distinct from or more heterogeneous than other sub- 
sites of HNSCC (Chung et al. 2004a). 

Schmalbach et al. examined primary oral cavity and oropharyngeal HNSCC 
from 20 patients and compared gene expression of approximately 9,600 genes, to 
expression in HNSCC cell lines and normal oral cavity mucosa. The expression of 
57 genes was recognized as distinct between tumors with and without lymph node 
metastases (/?<0.01). The tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) 
demonstrated the greatest degree of differential expression between tumor and 
normal samples, and this finding was confirmed by immunohistochemistry 
(Schmalbach et al. 2004). As previously seen in colorectal and breast cancer, high 
TIMP-1 expression correlated with tumors that were metastatic to lymph nodes 
(Zeng et al. 1995; Ree et al. 1997). This correlation did not reach statistical significance 
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(/? = 0.06), and disease-free survival did not correlate with increased TIMP-1 levels 
(Schmalbach et al. 2004). 

A larger study of primary oral cavity and oropharyngeal cancers was performed 
by Roepman et al. (2005). The expression of over 21,000 genes was examined for 
82 tumors (45 metastatic and 37 nonmetastatic). A set of 102 genes was identified 
with an overall nodal metastasis predictive accuracy of 86% (p = 0.0004) compared 
with a 68% accuracy of clinical diagnosis. Functional grouping of the predictive 
gene products identified epithelial markers, extracellular matrix components, cell 
adhesion molecules, and genes involved in cell death, cell growth, and mainte- 
nance. Interestingly, the majority of the genes in this set were downregulated in the 
regionally metastatic tumors (Roepman et al. 2005). 

Microarray studies have also been performed to determine if prediction of dis- 
tant metastases was possible in HNSCC. Cromer et al. (2004) identified a set of 164 
genes that was able to correctly predict up to 80% of distant metastases in hypopha- 
ryngeal HNSCC. In examining HNSCC from all subsites, Braakhuis et al. (2006) 
detected 150 genes with differential expression in tumors that developed distant 
metastases (p<0.0l). 


Future of Oral Cancer Treatment 

Identify Molecular Signatures of Patient Tumors 

Despite the relative consistency in treatment strategies for similar stages of HNSCC, 
individual clinical outcomes and prognoses vary significantly. Because clinical 
behavior of HNSCC has been poorly predicted based on clinical staging, histology, 
or single molecular markers, efforts to improve prediction and patient outcomes 
have been directed toward global genome analyses (Chung et al. 2006b). A molecu- 
lar classification based on gene expression profiles may more accurately predict 
treatment response and overall prognosis (Chung et al. 2002). The behavioral het- 
erogeneity of HNSCC correlates with distinct subtypes based on microarray analy- 
ses. Chung et al. (2004a) identified four distinct groups whose molecular signatures 
correlated with disease-free and overall survival. While the majority of HNSCC 
express epidermal growth factor receptor (EGFR), the subgroup associated with the 
worst clinical outcome exhibited a gene expression pattern consistent with activation 
of the EGFR pathway. Consequently, this group may benefit most from therapeutic 
strategies that incorporate EGFR inhibition. Tumors clustering in the normal epithe- 
lial group had the best clinical outcome, delineating a HNSCC group in which sus- 
pension of multimodality therapy may be considered. Belbin et al. (2002) identified 
375 genes which separated HNSCC into two distinct groups with differences in 
cause-specific survival that approached statistical significance (p = 0.057). 
Interestingly, the group with the higher TNM stage had the better cause-specific and 
overall survival, indicating that classification by gene expression profiling was more 
accurate in predicting outcome than clinicopathologic variables. 


96 


A.S. Whigham and W.G. Yarbrough 


Gene expression profiles may also be used to guide clinical decision making by 
predicting the response of HNSCC to therapy. Akervall et al. (2004) examined the 
in vitro sensitivity of HNSCC cell lines to treatment with cisplatin. Gene expression 
analysis of five sensitive and five resistant cell lines detected approximately 60 
genes with differential expression patterns between the two groups. Several genes 
known to be involved in drug resistance, metastasis and tumor proliferation (timp-2, 
caveolin-2, and the metoncogene)werefound within this group. Immunohistochemical 
analysis of tumors from patients with complete responses to induction chemotherapy 
with cisplatin showed decreased expression of met validating decreased met gene 
expression found in cisplatin sensitive cell lines (Akervall et al. 2004). Consequently, 
patients with decreased expression of the met oncogene may be expected to benefit 
from cisplatin therapy. Similar studies have correlated gene expression analysis 
with the prediction of response to chemotherapy in esophageal cancer and breast 
cancer (Kihara et al. 2001; Chang et al. 2005). Identification of such biomarkers 
by global gene expression analysis will continue to facilitate individualization of 
treatment regimens. 


Targeted Therapy 

Oncology drug development should ideally target genes or pathways responsible 
for aggressive tumor behavior and poor prognosis (Liotta and Kohn 2003). One 
obvious molecular target in HNSCC is the EGFR pathway. The majority of HNSCC 
express EGFR and activation of EGFR as well as expression and amplification of 
the EGFR gene have been associated with poor prognosis (Grandis et al. 1998; 
Etienne et al. 1999; Ang et al. 2002; Chung et al. 2006a). Unfortunately, studies of 
EGFR inhibitors used as monotherapy have indicated low response rates in 
advanced HNSCC. Providentially, combinatorial therapy with EGFR inhibitors has 
shown more promise and addition of cetuximab as a radiation sensitizer improves 
survival (Robert et al. 2001; reviewed in Pomerantz and Grandis 2004; Bonner 
et al. 2006; Curran et al. 2007). Through identification of tumors that are most 
dependent on EGFR signaling, microarray analyses may be used to predict which 
tumors may respond best to EGFR inhibition. 

Other targets of potential value in HNSCC include EGFR family members, src, 
nuclear factor kappa B (NF-kB), met, cyclooxygenase (COX)-2, phosphoinositide 
3-kinase (PI3K), insulin-like growth factor (IGF)-l receptor, vascular endothelial 
growth factor receptor (VEGFR), mammalian target of rapamycin (mTOR), Akt, 
cyclin-dependent kinases (CDKs), mutant p53, E2Fs, ephrin, myc, ras, and many more. 
A great challenge impeding clinical implementation of targeted therapies is our current 
inability to determine which targeted agents, or combinations of targeted agents, may 
be most active in a particular tumor. Clinical trials to test combinations of targeted 
therapies with one another or with more traditional therapies are impractical due to 
expense and the requirement for large numbers of patients. Additionally, the percent- 
age of selected patients that may benefit from a targeted agent may be low. Traditional 
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clinical trial design would discard an agent, active in only a small percentage of 
patients, when in fact it may be very active, but for only a particular group of tumors. 
Hypothetically, short-term therapy followed by biopsy to assess response, in vitro stud- 
ies of primary HNSCC, or human-in-mouse models of primary HNSCC could be used 
to determine effectiveness of combinations of targeted agents. Response could then be 
correlated with gene expression profiles derived from the pretreatment primary tumors. 
Gene expression profiles found to predict response could then be used to guide clinical 
trials enrolling only patients with profiles predictive of response. 


Reduction of Treatment Morbidity 

Use of a metastatic gene profile to predict those HNSCC patients with a higher likeli- 
hood of metastasis would spare those patients at low risk the morbidity associated 
with unnecessary treatment. Currently in oncologic practice, many low-stage tumors 
are treated based on the worst clinical scenario. However, only approximately 
10-20% of cancer patients succumb to disseminated disease (Liotta and Kohn 2003). 
For example, current chemotherapeutic guidelines for breast cancer treatment are 
based on histological and clinical characteristics. With these criteria, van't Veer et al. 
(2002) calculated that up to 90% of patients younger than 35 years of age at diagnosis 
would be candidates for chemotherapy. However, 70-80% of these patients would not 
have developed metastasis within 5 years without adjuvant chemotherapy. In this 
group of patients, treatment may not have provided any clinical benefit but was asso- 
ciated with patient morbidity as well as expense. For HNSCC of the oral cavity and 
oropharynx, cervical nodal therapy is performed in patients without clinical or radio- 
graphic indication of metastases if the risk of nodal metastases is greater than 20% 
based on historical data. This condemns up to 80% of patients to neck therapy with 
associated morbidity despite the fact that their tumors may have never metastasized. 
Molecular expression profiling of HNSCC has a predictive accuracy of 86%, suggest- 
ing that the number of patients unnecessarily treated may be dramatically reduced 
(Roepman et al. 2005). The use of metastatic molecular profiles to predict cervical 
lymph node metastasis would reduce the number of patients exposed to adverse side 
effects of surgery, radiation or combined chemotherapy and radiation. 
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Chapter 5 

The Role of High Throughput Molecular 
Analysis of Biofluids and Tumors in Patients 
with Oral Cancer 

Shen Hu, Zhanzhi Hu, Xiaofeng Zhou, and David T. Wong 


Abstract Oral cancer, predominantly oral squamous cell carcinoma, is considered 
as the 6th most common human cancer in the world. The American Cancer Society 
estimated that 35,310 new cases of oral cancer were diagnosed in 2008 and 7,590 
patients died from the disease in the US. Worldwide, oral cancer is a major cancer 
problem, with an estimated 300,000 new cases diagnosed annually. Patients with 
OSCC are often diagnosed at a late stage, and there is a high recurrence rate after 
treatment, especially in those with neck lymph node metastasis. The overall 5-year 
survival rates for oral cancer have remained low and stagnant during the past few 
decades. The high mortality rate can be attributed to factors including 
nonresponsiveness to chemotherapy and radiation therapy, late presentation of the 
lesions, and the lack of biological markers for the early detection of these lesions. 
In this chapter, we have provided a brief introduction on current genomic and 
proteomic technologies and review their applications in molecular analysis of oral 
cancer. A precise molecular portrait of oral carcinogenesis will improve diagnosis, 
treatment, and monitoring of the disease. 


Overview of High Throughput Molecular Approaches 

DNA Copy Number Analysis 

Comparative genomic hybridization (CGH) was developed to survey DNA copy- 
number abnormalities (amplifications and deletions) across a whole genome 
(Kallioniemi et al. 1992). In a typical CGH analysis, differentially labeled test/ 
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disease and reference genomic DNAs are cohybridized to normal metaphase 
chromosomes to generate fluorescence ratios along the length of chromosomes 
that provide DNA copy-number measurement (Pinkel and Albertson 2005a, b). 
However, chromosome-based CGH has a limited mapping resolution (-10- 
20 Mb). Array-based CGH has been introduced to improve the mapping resolu- 
tion. Several array platforms have been utilized for array-based CGH analysis, 
including arrays that contain large genomic clones (for example bacterial artifi- 
cial chromosomes [BACs]) (Pinkel et al. 1998; Ishkanian et al. 2004), cDNA 
arrays (Pollack et al. 1999; Zhou et al. 2004c), oligonucleotide arrays (Lucito 
et al. 2003; Brennan et al. 2004), tiling arrays (Ishkanian et al. 2004), and high- 
density single nucleotide polymorphism (SNP) microarrays (Bignell et al. 2004; 
Zhao et al. 2004, 2005; Zhou et al. 2004e). Tiling and SNP array-based approaches 
have drawn the most attention due to their high resolution. Tiling arrays have the 
potential to resolve small (gene level) gains and losses (resolution -40 kb) that 
may be missed by marker-based genomic arrays that contain large number of 
gaps due to the distance between the targeted probes (Ishkanian et al. 2004; 
Davies et al. 2005). It is conceivable that even higher resolution tiling arrays will 
become available in the future, providing an opportunity to map genomic altera- 
tions at close to base pair resolution. The SNP array-based approach provides the 
unique advantage of concurrent CGH and loss of heterozygosity (LOH) analysis, 
which is discussed in further details below (Zhao et al. 2004; Zhou et al. 
2004e). 


Loss of Heterozygosity Analysis 

Allelic losses, which are caused by mitotic recombination, gene conversion, or non- 
disjunction, cannot be detected by CGH and thus require additional methods (such as 
LOH) for their identification. The LOH approach is "favored" by the Knudson two- 
hit hypothesis (Knudson 1971, 1996) for hunting tumor suppressor genes. The dis- 
covery of the first tumor suppressor gene, RBI (Friend et al. 1986), followed the 
Knudson two-hit hypothesis that tumor suppressor genes are inactivated by a recessive 
mutation in one allele followed by the loss of the other wild-type allele, which can be 
detected by LOH. Polymorphic markers, such as restriction fragment length polymor- 
phisms (RFLPs), microsatellite markers, and SNPs, have been used to detect LOH 
through allelotypic comparisons of DNA from a cancer sample and a matched normal 
sample. 

Because of their abundance, even spacing, and stability across the genome, SNPs 
have significant advantages over RFLPs and microsatellite markers, as a basis for 
high-resolution whole genome allelotyping with accurate copy number measure- 
ments. It is now possible to genotype approximately one million SNP markers using 
the Affymetrix Mapping SNP oligonucleotide array platform (Affymetrix). LOH pat- 
terns generated by SNP array analysis have a high degree of concordance with 
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previous microsatellite analyses of the same cancer samples (Lindblad-Toh et al. 
2000). Additionally, shared regions of LOH from SNP arrays can be used to cluster 
lung cancer samples into subtypes (Janne et al. 2004), and distinct patterns of LOH 
are found to associate with clinical features in primary breast, bladder, head and neck, 
and prostate tumors (Hoque et al. 2003; Lieberfarb et al. 2003; Wang et al. 2004; 
Zhou et al. 2004d, e). One unique advantage of this SNP array-based approach is that 
the intensity of sample hybridization to the array probes can also be used to infer copy 
number changes (similar to CGH) (Bignell et al. 2004; Zhao et al. 2004;Zhou et al. 
2004e). This unique feature has been explored by algorithms implemented in several 
independent bioinformatics/statistical software packages, including dChipSNP (Zhao 
et al. 2004), Copy Number Analysis Tool (Affymetrix) (Huang et al. 2004) and FASeg 
(fragment assembling segmentation) (Yu et al. 2007). Application of these novel 
bioinformatics tools to high-density SNP array data now allows the analysis of DNA 
copy number to be combined with LOH analysis to distinguish copy number gains, copy 
number neutral allelic losses, and copy number losses and to comprehensively map 
out the configuration of tumor genomes (Zhao et al. 2004). 


Cytogenetic Analysis 

The cytogenetic techniques represent a collection of chromosome staining methods 
that were initially introduced in the 1960s (Caspersson et al. 1969a, b). One common 
drawback of these methods is the requirement for in vitro culture and metaphase 
preparation of the cells of interest, which limits its application to many studies of 
solid cancers. Nevertheless, cytogenetic approaches continue to play an important 
role in genomic profiling because they facilitate direct visualization of chromosomal 
abnormalities. They complement CGH and LOH analyses by providing information on 
chromosomal structural rearrangements that are not resolved by DNA copy number 
analyses. For example, translocations are one of the most common genomic abnor- 
malities in cancer (Futreal et al. 2004), but they cannot be detected by CGH or LOH. 
An experienced cytogeneticist, however, can readily detect many forms of chromo- 
somal translocations using classical cytogenetic techniques, such as karyotyping 
(chromosome banding). A karyotype analysis usually involves blocking cells in 
mitosis and microscopically visualizing condensed chromosomes stained with 
Giemsa dye, which stains regions of chromosomes that are rich in the base pairs 
adenine (A) and thymine (T) to produce a dark band. However, many cancer cells 
have complex karyotypes that are difficult to interpret. Recently, several new label- 
ing techniques have been introduced in the field of molecular cytogenetics, including 
spectral karyotyping (SKY), multiple fluorescence in situ hybridization (M-FISH), 
cross-species color banding (Rx-FISH), color-changing karyotyping (CCK) 
(Henegariu et al. 1999), and multicolor chromosome banding. These techniques 
permit the simultaneous visualization of all chromosomes in different colors and 
thus considerably improve the detection of subtle rearrangements. 
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Microarray and Serial Analysis of Gene Expression 

A mere 15-20 years ago, the prevalent mode of biological and medical research 
was centered on the "one gene at a time" model: cloning and characterizing a single 
gene or a few closely related genes. This had been the gold standard for biomedical 
research until the mid 1990s, when the "genomics era" began with the establish- 
ment of several epoch-making genomic techniques: DNA microarray and serial 
analysis of gene expression (SAGE). Together with the completion of the Human 
Genome Project in 2003, the resulting exponential boom of new knowledge brought 
us into the "post-genomics" era. 

Both DNA microarray and SAGE are powerful tools targeted at global gene 
expression. While the microarray technology requires prior knowledge of the 
gene sequence for analysis, SAGE technology can analyze gene expression in 
organisms with uncharacterized genomes. The obvious advantage of the microar- 
ray is the ability to measure gene expression in cell and tissue samples, and com- 
mercial platforms (e.g., GeneChip from Affymetrix, Inc.) are available for 
flexible research design. With the Human Genome Project completed, the 
microarray takes center stage in investigating global gene expression in all 
aspects of human cancer. 

A DNA microarray is typically a small solid support, usually a glass microscope 
slide, on which known sequences of tens of thousands of genes are immobilized. 
Commonly used methods of immobilization of gene sequences include "ink-jet" 
printing, pin-spotting, and various methods of direct synthesis. The parallel presence 
of so many genes (often covering the whole genome of an organism) on a single 
microarray has allowed genomic studies to be performed in a high-throughput fashion. 
For example, gene expression changes on the whole genome scale can be monitored 
simultaneously. Doing this "one gene at a time" would be unworkable. 

The continuously evolving microarray technology has the potential to revolutionize 
both clinical research and the healthcare practice. Physicians in the future may be 
empowered with a handheld device to monitor health status in real time during a 
routine physical examination, to detect any abnormalities at an early stage and even 
to suggest the best treatment options based on the particular individual's genome. 
With the powerful microarray technology for molecular profiling, we are witnessing 
the dawn of the personalized medicine era. 


Exon-Level Resolution Expression Profiling 

A major focus in the emerging field of personalized medicine is the search for 
biomarkers that can help classify and subgroup patients, preferably in the early stages 
of disease. Ideally, such markers should exist in clinical specimens (e.g., blood and 
saliva) that are easy to collect and involve minimally invasive procedures. Such clinical 
testing should also be inexpensive to enable population-scale screening. In this sense, 
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saliva has gained increased recognition as an appealing body fluid for human disease 
diagnosis and normal health surveying (Li et al. 2004a, b). 

Microarray profiling is a useful strategy to identify disease-associated 
mRNA biomarkers during the initial discovery phase. In model systems such as 
cell lines, 3 '-based arrays employing poly-dT priming and in vitro transcription 
(IVT) amplification have been successful. However, most body fluids including 
saliva contain nonintegral RNAs, where a large amount of information is missing 
due to the fragmentation and degradation of RNAs (Park et al. 2007). The degra- 
dation also deprives many RNAs of their poly-A tails, making poly-dT priming 
impossible. On the other hand, random priming approaches result in additional 
shortening of the fragments and thus further loss of information. 

Using nanogram-scale salivary RNA as a proof-of-principle example, our group 
has optimized the protocol for the linear amplification of RNA fragments that can be 
applied to the expression profiling using the new Human Exon arrays (Affymetrix). 
This novel mRNA amplification strategy is independent of the poly-A tail, yet capa- 
ble of amplifying any mRNA fragments close to full length. The exon arrays contain 
potentially all the exons that may be expressed, leaving no bias against any particular 
transcribed sequence. The technical advantage of this approach is clearly demon- 
strated with the discovery of a salivary exon core transcriptome (SECT) that contains 
seven times as much information as in a previous study that was based on the old 3'- 
base approach (Hu et al. 2008). Importantly, the diagnostic potential of this approach 
is highlighted with salivary exon biomarkers that accurately discriminated sex in 
healthy individuals. This study, as part of the ongoing effort to fully reveal the clinical 
diagnostic value of body fluids such as saliva, has demonstrated the feasibility of 
high-resolution genome-wide expression profiling with whole transcript coverage 
from samples containing fragmented RNAs. As we get one step closer to the goal of 
accurate and affordable health surveillance using body fluids, there is every reason to 
believe that the full realization of personalized medicine is not far away. 


Mass Spectrometry-Based Proteomics 

Proteomics refers to global analysis and characterization of the proteome - the 
protein complement to the genome. Proteomic analysis of disease specimens and 
model cell lines and organisms is used to identify new protein targets, to explore 
mechanisms of action or toxicology of pharmaceuticals, and to discover new 
disease biomarkers for clinical and diagnostic applications. Due to its exquisite 
sensitivity and highly accurate mass measurements, mass spectrometry (MS) has 
become one of the core technologies for proteomics. A very common proteomics 
approach is to map out proteins using two-dimensional (2-D) gel electrophoresis 
(2-DE) followed by in-gel digestion and MS measurement of resulting peptide 
fragments, either by peptide mass fingerprinting (PMF) or tandem MS, to identify 
proteins from each gel spot. Such global analysis can also be performed by using 
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a "shotgun" proteomics approach, in which 2-D liquid chromatography (LC) with 
tandem MS are typically used to analyze a fully digested proteomic sample 
(Washburn et al. 2001). These approaches are conceptually known as "bottom-up" 
proteomics, and they typically require the use of database search engines to inves- 
tigate an existing proteomic or genomic database to identify proteins. In contrast, 
"top-down" proteomics involves direct analysis of intact proteins, without previous 
proteolytic digestion. It mainly relies on high-resolution measurement of intact 
molecular weight and direct fragmentation of protein ions in the gas phase for 
protein identification (Kelleher 2004). Although bottom-up proteomics is very fre- 
quently used, top-down proteomics has been found as promising for interpreting 
protein isoforms and post-translational modifications. 

Global analysis of disease-associated protein changes requires quantitative pro- 
teomics tools. Differentially expressed proteins can be revealed by 2-DE or 2-D 
differential gel electrophoresis and subsequently identified using tandem MS or 
PMF. Tandem MS with stable isotope labeling represents an emerging technology 
for quantitative proteome analysis (Gygi et al. 1999a; Zhou et al. 2004a). In this 
approach, two protein samples of interest are labeled with "heavy" or "light" iso- 
topes, respectively. The relative levels of a protein in the two samples can then be 
quantified based on the MS measurement of the isotope-labeled versions of the 
protein or the labeled peptides that originated from the protein. Prior to the develop- 
ment of quantitative proteomics tools, the study of cellular protein changes was 
limited to the investigation of either a limited numbers of proteins or gross morpho- 
logical changes. Quantitative studies were largely dependent on western blotting or 
immunohistology by the use of antibodies, and this was semiquantitative due to the 
variation in antibody binding affinities. With the newly developed quantitative pro- 
teomics tools, biologists now have the ability to monitor global protein expression 
and obtain much-needed quantitative molecular data about cellular changes. 


Integrating Data Streams from Multiple Biological Levels 

A critical biological difficulty confronting the identification and eventual transla- 
tion of genomic markers/targets for cancer prediction, diagnostics, treatment, and 
prognostics is how to distinguish the genomic aberrations driving malignant cell 
growth from those that are byproducts of abnormal proliferation. Among these key 
processes are germline variations that lead to hereditary cancer predispositions, 
the acquisition of transforming DNA or RNA sequences from cancer viruses, 
somatic mutations in the cancer genome, and epigenetic mechanisms (such as DNA 
methylation or histone modification) that promote oncogenesis by modifying can- 
cer-related genes and altered expression of these genes at RNA and protein levels. 
While a variety of high-throughput technologies have been developed enabling the 
identification of a broad range of molecular abnormalities, none of the existing 
techniques can capture all of these changes in a single analysis. This represents a 
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major obstacle to the comprehensive analysis of tumor genomes and their relation- 
ship to clinical phenotypes. A central goal in cancer research is to comprehensively 
delineate the complex genomic aberrations that shape tumor cell behavior and clini- 
cal outcomes. One potential approach to this problem would be to combine molecu- 
lar genetic technologies (such as CGH and LOH) for comprehensive screening of 
genomic alterations. Each of these techniques has its own unique advantages, but 
each also has individual limitations that motivate efforts to combine multiple 
approaches (see Zhou et al. 2006b for a review on this topic). 

Microarray expression profiling has proven to be a powerful approach for charac- 
terizing the changes associated with biological processes such as disease states. 
However, expression arrays measure only the alterations at the mRNA level. Most 
biological functions are executed by proteins rather than mRNAs. While the expres- 
sion of many genes is controlled at the transcriptional level, some genes also employ 
post-transcriptional regulation involving mRNA stability, translation initiation, and pro- 
tein stability. Thus, an important question is how these two expression data correlate 
with each other, and this analysis provides deeper insight into a biological process. 
Integrated analysis, by combining microarray profiling with quantitative proteomics, 
allows us to not only identify genes that are regulated at the transcription level but also 
unveil important post-transcriptional regulatory mechanisms that would not be evi- 
dent by examining either mRNA or protein expression alone. Moderate to poor 
correlation of mRNA and protein expression data was reported for yeast and 
Halobacterium (Gygi et al. 1999b; Baliga et al. 2002). However, these prior studies 
only examined steady-state levels of mRNA and proteins. Discordant expression of 
protein and mRNA in lung adenocarcinomas was also observed, although the het- 
erogeneity of tumor tissue was not considered (Chen et al. 2002). With the improve- 
ment of coverage, sensitivity, and throughput for proteomics and genomics 
technologies, we may expect a higher degree of concordance for correlation 
analysis of mRNA and protein expression (Hu et al. 2006b). 

Due to the multifactorial nature of oncogenesis, it is of particular interest to identify 
the biological pathways that contribute to these oncogenetic events, rather than a single 
gene. Bioinformatics tools have been developed to investigate the involvements of 
biological pathways by combining our observational results (e.g., microarray 
expression dataset) with the vast existing knowledge of biological pathways at 
molecular levels. These tools essentially consist of a library containing all known 
events that make up biological processes, regulation, interaction and modifications 
among thousands of proteins, as well as statistical algorithms to identify associated 
pathways based on the integration of the library with the observational results. 
This approach has been successfully applied to identify relevant pathways for cancer 
cell migration, spread, and invasion (Donninger et al. 2004). 

The continuing development of microarray-based expression analysis and large 
public depositories of microarray data have motivated new efforts to extract additional 
biological information from these data in addition to the static RNA transcript levels. 
One such attempt involves inferring chromosomal structural changes from spatially 
linked alterations in microarray expression data. Several array CGH studies have 
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shown a genome-wide correlation of gene expression with copy number alterations 
and have proved useful in individual amplicon refinement (Pollack et al. 2002; Wolf 
et al. 2004). For example, through tissue microarray FISH and reverse transcriptase- 
polymerase chain reaction (RT-PCR), a minimally amplified region around ERBB2 
(Her2) was identified in a large number of breast tumors; in addition, gene ampli- 
fication was found to be correlated with increased gene expression in a subset of 
those samples (Kauraniemi et al. 2003). Recently, several groups have observed 
that chromosomal alterations can lead to regional gene expression biases in human 
tumors and tumor-derived cell lines. A fraction of gene expression values (15-25%) 
were found regulated in concordance with chromosomal DNA content (Phillips et 
al. 2001; Virtaneva et al. 2001; Crawley and Furge 2002; Zhou et al. 2004b, 2005). 
The developed statistical methods also appeared to be useful for detecting DNA 
copy number abnormalities based on differential gene expression (Crawley and 
Furge 2002; Myers et al. 2004; Zhou et al. 2004b, 2005). 

Additional functional genomic information can be derived from microarray gene 
expression data using bioinformatics analysis of upstream transcription factor 
dynamics. Tools have recently been developed to identify aberrant transcription 
factor activity based on sequence similarities in the promoters of large groups of 
genes showing altered expression (Frith et al. 2004; Cole et al. 2005). Aberrant 
transcription factor activity plays a central role in many solid tumors, and reverse- 
inference of such alterations from microarray gene expression data provides an 
approach to cross-validating the results of structural genomic surveys, suggesting 
that a particular transcription control pathway might be altered in a tumor. 


Molecular Analysis of Biofluids and Tumor Tissues 
Discovery of Salivary mRNA Biomarkers for OSCC 

We recently discovered that human saliva contains cell-free mRNAs (salivary 
transcriptome) that may be highly informative and discriminatory for disease detection. 
By using Affymetrix U133 microarray s for genome-wide profiling of saliva from 
ten healthy subjects, we found all subjects' saliva had approximately 3,000 
different mRNA molecules, including 185 that were common among all the subjects 
(Li et al. 2004b). We further investigated the source and integrity of RNA in saliva. 
Most of the salivary RNA is generally fragmented and originates from both nucleus 
and mitochondria (Park et al. 2007). The notion of using salivary genomic targets 
for potential applications in human diseases has been demonstrated in our recent 
studies on discovery of salivary mRNA markers for detection of OSCC. Initial 
microarray profiling followed by real-time quantitative PCR revealed that four sali- 
vary mRNAs (OAZ, SAT, IL8, and ILlb) collectively have a discriminatory power 
of 91% sensitivity and specificity for oral cancer detection, and the area under the 
receiver operating characteristic (ROC) curve measuring 95% (Li et al. 2004a). 
These markers are currently being validated according to the guidelines of early 
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disease detection network (EDRN). The clinical potential of these salivary mRNA 
markers has also been compared with the serum-based prediction model established 
with the same methodology and patient cohorts (Li et al. 2006). The panel of four 
mRNA biomarkers collectively exhibited an ROC value of 0.95 versus an ROC 
value of 0.88 from the serum-derived marker panel. These results show that saliva 
testing may not only be less invasive but also provide a slightly better diagnostic 
value than blood for oral cancer. 


Systematic Identification of Salivary Proteins 

Human whole saliva typically contains about 1 mg/ml of total proteins, which are 
expressed and secreted from the parotid, submandibular, sublingual, and some 
minor glands. These polypeptides not only play important roles in maintaining oral 
and general health but may also serve as biomarkers to survey human disease status. 
Supported by the National Institute of Dental and Craniofacial Research (NIDCR), 
a consortium of the Human Saliva Proteome Project was established to conduct 
in-depth analysis of the human saliva proteome (the total proteins/peptides present 
in saliva). To date, there have been approximately 1900 saliva that have been identi- 
fied by using the combination of a variety of prefractionation techniques with tan- 
dem MS (Hu et al. 2004, 2005, 2007a; Xie et al. 2005; Guo et al. 2006). However, 
the post-translational modifications of salivary proteins, such as glycosylation and 
phosphorylation (Ramachandran et al. 2006; Helmerhorst and Oppenheim 2007), 
remain to be elucidated. A 3-year collaborative effort from the consortium has also 
led to the identification of over 1,100 nonredundant proteins from parotid sand 
submandibular/sublingual saliva (Hardt et al. 2007). The data have been consoli- 
dated in a central repository (www.hspp.ucla.edu) and linked to public annotated 
protein databases, providing a valuable resource for researchers within the fields of 
oral biology and saliva diagnostics. 


Serum/Saliva Protein Biomarkers for OSCC 

Biomarkers are measurable biological and physiological parameters that can serve as 
indices for health-related assessments. Saliva/serum protein biomarkers are particu- 
larly valuable because they are amenable to simple clinical tools for disease applications. 
For patients, noninvasive saliva collection dramatically reduces anxiety and discomfort 
and simplifies procurement of repeated samples for monitoring over time. Compared 
with tissue biopsies, saliva is an easily accessible fluid, and, therefore, a large number 
of saliva samples can be enrolled for clinical studies. This allows enough statistical 
power for a robust study design, and true signatures can be revealed as disease 
biomarkers (Hu et al. 2006a, 2007b; Streckfus and Dubinsky 2007). 
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Currently, there are no reliable blood or saliva biomarkers in the clinic for 
OSCC, but recent studies have suggested the potential of using serum/saliva pro- 
tein biomarkers for possible detection of OSCC/HNSCC. For instance, multi- 
plexed serum profiles of cytokines, growth factors, and tumor antigens have been 
found promising for early detection or screening of HNSCC/OSCC patients at 
high risk (Hathaway et al. 2005; Linkov et al. 2007). Identification of markers in 
saliva is intrinsically challenging because the saliva constituents are constantly 
changing due to the variance in salivary flow and a differential contribution from 
the different salivary glands within the oral cavity. Saliva proteins including 
CD44, fibronectin, tumor necrosis factor (TNF)-alpha, interleukin (IL)-l, IL-6, 
IL-8, thioredoxin, cytokeratin 19 fragment (CYFRA 21-1), tissue polypeptide 
antigen, and cancer antigen CA125, have been shown to have diagnostic potential 
to distinguish OSCC patients from healthy subjects (Lyons and Cui 2000; St. 
John et al. 2004; Franzmann et al. 2005; Rhodus et al. 2005; Nagler et al. 2006). 
Nevertheless, these candidates need to be further validated through long-term 
longitudinal studies with large populations of individuals with oral cancer and 
those who are at high risk for developing oral cancer. Our group is pursuing this 
currently in conjunction with the National Cancer Institute (NCI) Early Disease 
Research Network (EDRN) for a panel of proteomic and transcriptomic salivary 
biomarkers for oral cancer. 

The presence of lymph node metastasis in OSCC is an important prognostic factor 
and crucial in making clinical treatment decisions. Currently, the detection of nodal 
metastasis is based on routine histopathological evaluation of the lymph nodes in 
the neck, and there is an immediate need for developing preoperative molecular 
biomarkers for prediction of lymph node metastases in OSCC. These biomarkers 
will certainly help identify patients who clinically have no detectable disease but are 
potential candidates for lymph nodes metastasis and should have prophylactic neck 
dissection and/or adjuvant radiotherapy. Conversely, such a set of reliable biomarkers 
would also help avoid unnecessary surgery for those who are metastasis free. 

The notion of using such markers in serum for possible detection of cancer metas- 
tasis has been demonstrated in several recent studies. For instance, cysteine proteinases 
cathepsins B and L and their endogenous inhibitors stefins A and B were implicated 
in HNSCC invasion and metastasis and could be potential markers (Strojan et al. 
2000). Overexpression of cathepsin-D, matrix metalloproteinases (MMPs) and tissue 
inhibitors of matrix metalloproteinases (TIMPs) had significant correlation with local 
or distant metastasis in patients with oral tongue cancer (Gandour-Edwards et al. 1999; 
Kurahara et al. 1999). These preliminary studies have suggested exciting possibilities 
of using serum protein biomarker for metastasis detection. 


Analysis of Oral Cancer Tumor Tissue 

The high recurrence and low survival rates of OSCC reflect the need to understand 
molecular mechanisms contributing to this malignancy so that molecular diagnostics 
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and targeted therapeutics can be improved for successful treatment. By using 
proteomics to monitor the global protein alterations in OSCC tissues, a number of 
tumor-associated proteins have been identified (Chen et al. 2004; He et al. 2004; Lo 
et al. 2007). In terms of biological processes, the majority of the proteins are related 
to cell adhesion, interaction, growth, and apoptosis or are related to stress and anti- 
oxidation. These studies also indicate that multiple cellular and etiological pathways 
are involved in the process of oral oncogenesis and suggest that multiple protein 
molecules should be simultaneously targeted as an effective strategy to counter the 
disease (Chen et al. 2004). 

Gene expression signatures may also exist in primary tumors that can be used 
for predicting increased risk of metastasis (van 't Veer et al. 2002; Ramaswamy et al. 
2003). The metastasis of the HNSCCs is unique in that they metastasize mainly to 
regional lymph nodes through the draining lymphatics, where metastasis to distant 
sites is relatively uncommon. Several recent gene expression studies have suggested 
the existence of such "fingerprints" in the primary tumor for metastasis of HNSCC 
(Schmalbach et al. 2004; O'Donnell et al. 2005; Roepman et al. 2005). In a recent 
study, we identified CTTN and MMP9 as consistently overexpressed genes in the 
primary tumor tissue samples of the tongue with lymph node metastasis (Zhou et al. 
2006a). These genes also provide predictive values for extracapsular spread (ECS) 
of lymph node metastasis, one of the most important negative prognostic factors of 
OSCC (Myers et al. 2001; Greenberg et al. 2003). 


Future Directions 

In summary, molecular profiling tools such as microarrays and proteomics will 
significantly accelerate the translational research in oral cancer. With the matura- 
tion of these novel technologies, future applications may focus on the following 
aspects of the disease. 

First, similarly as with other major cancers, early detection is key for successful 
treatment of OSCC. Considering that approximately 10% of the general population 
have oral mucosal abnormalities and precancerous and early cancerous lesions that 
are not readily detectable by visual inspection (Lingen 2007), it is critical to 
develop molecular biomarkers for early cancer screening. This, in turn, can identify 
targeted high-risk populations for more definitive tests. 

Second, the low survival rate of patients with OSCC is largely due to the high meta- 
static potential of the tumor. Molecular analysis of metastatic and nonmetastatic OSCCs 
should be explored in order to understand the molecular mechanism of OSCC metastasis 
and to develop molecular biomarkers for prediction of lymph node metastases. 

Third, there is an enormous need to develop more effective and less toxic therapeutic 
approaches to treat patients with OSCC. The opportunities for molecular profiling 
tools to impact the study of differential gene expression applied to drug discovery and 
optimization can be remarkable. These advances will likely include the discovery of 


116 


S. Hu et al. 


new molecular targets, the confirmation of suspected mechanism of drug action, the 
assessment of drug efficacy and toxicity, the identification of disease subgroups, 
and prediction of treatment responses of individual patients. These applications 
may eventually lead to simple tools for clinical decision making and facilitate the 
development of molecular-targeted chemotherapies for this devastating disease. 
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Chapter 6 

Adjuvant Therapy for Patients with Oral 
Cavity Cancer 

C. Wesley Hodge, Deepak Khuntia, Rafael Manon, and Paul M. Harari 


Abstract Locoregionally advanced oral cavity cancer is commonly treated using a 
combined modality approach in an effort to maximize tumor control. Radiotherapy, 
either alone or in combination with chemotherapy, is generally administered following 
surgery. Radiation doses on the order of 60 Gy are typically recommended post- 
operatively, although higher doses may be advisable in cases of extracapsular nodal 
extension or gross residual disease. Advances in radiation delivery techniques 
including intensity modulated radiation therapy (IMRT) have the potential to reduce 
normal tissue toxicities without compromising the likelihood of tumor control. The 
role of concomitant chemotherapy in the adjuvant setting has evolved considerably in 
the last 10 years, and its use has recently been validated for selected high-risk patients 
on the basis of two large multi-institutional randomized trials. Newer approaches 
include the evaluation of targeted agents, with the goal of preserving a beneficial 
effect with radiation while further diminishing treatment related side effects. 


General Management 

Surgery, radiation, and chemotherapy, either singly or in combination, are classical 
treatment options for patients with oral cavity cancer. Treatment recommendations 
depend on tumor stage and specific anatomic location, as well as relevant patient 
factors, including performance status, comorbid illness, and motivation for organ 
preservation. Broadly speaking, single-modality treatment (i.e., surgery or radia- 
tion) is generally preferred for early-stage lesions The control rates are similar for 
T1-T2 lesions with either modality delivered as monotherapy (Hintz et al. 1979). 
For more advanced lesions a combined-modality treatment approach is generally 
preferred to maximize locoregional tumor control. Several other treatment 
approaches, including definitive radiotherapy with or without chemotherapy, and 
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neoadjuvant chemotherapy followed by surgery with or without radiotherapy, are 
areas of active clinical investigation. These approaches remain primarily investiga- 
tional and are beyond the scope of the current summary. 

The timing of radiation, before or after surgery, has been the subject of some 
debate. Notable disadvantages of preoperative radiation therapy include limita- 
tions on the dose of radiation that can be delivered due to the risk of postoperative 
wound complications, and the compromise of precise pathologic data, particularly 
as it pertains to occult nodal disease. Postoperative radiation treatment has the 
advantage of less relative dose limitation, no delay in definitive surgical resection, 
and preservation of complete pathologic tumor staging. However, it is recognized 
that postoperative wound complications may delay adjuvant radiation and that, 
compared with normal oxygenation, regional hypoxia following surgery may 
diminish the effectiveness of radiation. A single randomized trial including 59 oral 
cavity cancers in a population of 320 evaluable patients, identified no significant 
survival, locoregional control, or toxicity difference between preoperative and 
postoperative radiation (Snow et al. 1981). However, the preponderance of data as 
well as global practice patterns suggest that postoperative radiation is commonly 
preferred. Further, emerging data for selected patients with high-risk pathologic 
features indicate that the addition of concurrent chemotherapy during the postop- 
erative radiation treatment course may further augment tumor control rates (Bernier 
et al. 2004; Cooper et al. 2004; Day et al. 2003). High-risk features commonly include 
advanced T stage, multiple positive nodes, extracapsular tumor spread, positive 
resection margins, and perineural invasion (Bernier et al. 2004; Cooper et al. 2004). 


Combined-Modality Therapy 

Disease control outcomes for advanced lesions of the oral cavity (T3, T4) are less 
than satisfactory with surgery or radiation alone, thereby prompting the common 
implementation of combined-modality therapy (Fu et al. 1976; Shah and Lydiatt 
1995; Vikram et al. 1980). With steadily improving reconstruction techniques, sur- 
gery has emerged as the preferred initial treatment approach for the majority of 
patients with tumors of the oral cavity, with adjuvant radiation (or, in selected cases, 
chemoradiation) employed to enhance the likelihood of locoregional tumor control. 


Adjuvant Radiation Technique 

Carcinoma of the oral cavity has traditionally been treated with opposed lateral fields, 
using either two-dimensional or three-dimensional CT-based techniques. During 
simulation and treatment, patients are typically immobilized with a thermoplastic 
mask. Patients are placed in the supine position with a bite block (for oral tongue and 
floor of mouth cases) to depress the tongue away from the palate. The oral cavity 
tumor bed with a 1 .5-2.0-cm margin and upper cervical lymph nodes constitute the 
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initial lateral fields. The inferior border of the field resides at approximately the thy- 
roid notch (or aryepiglottic folds when using CT-based planning), just above the true 
vocal cords. The posterior border is set at the mid- vertebral body level if level V nodal 
coverage is not required. For patients with more advanced neck disease or positive 
level V lymph nodes, the initial fields should be set behind the CI vertebral body 
spinous process to facilitate coverage of the posterior triangle. The lateral fields are 
reduced at 4CM-5 Gy, depending upon patient anatomy, to spare the spinal cord from 
doses in excess of tolerance. Treatment of the low neck generally consists of a single 
half-beam-blocked anteroposterior field matched to the inferior border of the opposed 
lateral fields. An anterior larynx block is used, which functions to protect the central 
larynx from unnecessary radiation dose and to protect against spinal cord overdose 
due to field overlap. Beam energies between 4 and 6 MV are most suitable for treat- 
ment of cancers involving the oral cavity. Bolus material may be necessary to bring 
dose to the surface as required for tumors that extend to the skin, particularly in 
patients with large volume nodal disease or extracapsular extension (ECE) where 
adequate dosing of superficial tissues is crucial to the success of the treatment. All 
fields should be treated daily, with at least five scheduled treatment days per week. 

In recent years, intensity-modulated radiation therapy (IMRT) has increasingly 
been used for the treatment of head and neck tumors (Fig. 6.1), with the goal of 



Fig. 6.1 Treatment volume delineation for a patient with stage IVA (T3 N2b MO) cancer of the 
right retromolar trigone receiving definitive IMRT. The gross tumor volume (GTV, yellow), high- 
risk clinical target volume (CTV1, red), low-risk clinical target volume (CTV2, blue), and oral 
cavity (OC, magenta) are shown. (From Chao KS, Ozygit G, (eds) Intensity modulated radiation 
therapy for head & neck cancer. Philadelphia: Lippincott, 2003, with permission) 
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preserving treatment outcome while diminishing normal tissue toxicities, including 
damage to major salivary glands and mandible, which result in xerostomia or osteo- 
radionecrosis, respectively (Yao et al. 2005; Studer et al. 2006; Daly et al. 2006). 
Dosimetric analysis of radiation dose to the parotid glands with evaluation of resul- 
tant salivary function suggests that limiting the mean parotid dose to <26 Gy may 
result in improved post-radiation salivary function (Eisbruch et al. 2003). In light 
of the steep dose gradients that often accompany IMRT plans, successful delivery 
is highly dependent on accurate and reproducible localization and immobilization. 
At several centers, an optically guided localization system is used to enhance daily 
treatment precision for IMRT delivery. Tomotherapy, which involves the helical delivery 
of intensity-modulated radiation, enables a high degree of target conformality 
coupled with the capacity for megavoltage CT scanning, thereby allowing image 
guidance for precise daily set-up verification (Fig. 6.2) (Sheng et al. 2006; Fiorino 
et al. 2006; Harari et al. 2004). Other treatment platforms have developed similar 
integrated CT-based imaging capabilities. 



Fig. 6.2 Radiation dose distribution for an IMRT treatment plan delivered via helical tomother- 
apy to a patient with stage IVA (T2 N2b M0) squamous cell carcinoma of the left lateral oral 
tongue; status, postsurgical resection of the primary tumor. The high-risk clinical target volume 
(CTV1, red) and low-risk clinical target volume (CTV2, orange) are shown, with radiation dose 
distribution demonstrated by the 63 Gy (blue), 54 Gy (green), and 45 Gy (magenta) isodose lines. 
Critical normal structures, which have been contoured in this view, are the left parotid gland (light 
blue), right parotid gland (dark blue), and spinal cord (yellow) 
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When postoperative radiation is used for oral cavity cancer, the most common dose 
fractionation in the United States is 1.8-2.0 Gy per day. The postoperative tumor bed 
should generally receive a total dose of 60 Gy. However, for close or positive micro- 
scopic margins, or extracapsular nodal extension, a 4- to 6-Gy localized boost should 
be considered. Peters and colleagues conducted a prospective randomized trial of 
radiation dose escalation in the postoperative setting. They concluded that a minimum 
dose of 57.6 Gy was necessary to achieve satisfactory tumor control and that doses 
in excess of 63 Gy were indicated in the setting of nodal ECE (Peters et al. 1993). If 
there is gross residual disease, either further surgical resection or focal boosting up to 
70 Gy is advisable. Regions of somewhat lesser risk (i.e., clinically or pathologically 
uninvolved necks) should receive 50-54 Gy. As IMRT techniques are increasingly 
employed, simultaneous in-field boosts (Miller et al. 2005) are used to deliver these 
different doses in a comprehensive treatment plan composed of differential doses per 
fraction to the areas of high, intermediate, and low risk. 

Altered Fractionation 

It is well understood that head and neck squamous cell carcinomas (HNSCCs) are 
rapidly proliferating. There has been significant interest in the use of intensified radia- 
tion fractionation schedules to counter rapid tumor cell repopulation and potentially 
improve outcome in HNSCC treated with radiation. Altered fractionation regimens 
such as hyperfractionation or accelerated fractionation have been demonstrated to 
improve the likelihood of locoregional tumor control when used as definitive therapy 
(Peters et al. 1988). These altered fractionation regimens were associated with a higher 
incidence of grade 3 or worse acute mucosal toxicity, but no significant difference in 
overall toxicity at 2 years after completion of treatment. However, oral cavity carci- 
noma constituted a minority of cases enrolled in these studies (Fu et al. 2000), and data 
addressing the use of hyperfractionated radiation in the postoperative setting is sparse 
and heterogeneous in the conclusions reached (Ang et al. 2001; Awwad et al. 1992; 
Niewald et al. 1996), with some reports of excess morbidity in the form of osteoradi- 
onecrosis using this approach (Niewald et al. 1996). A single randomized study com- 
paring conventional vs. accelerated fractionation in the postoperative setting showed 
no advantage to accelerated fractionation except in patients whose treatment initiation 
was delayed by postoperative complications (Sanguineti et al. 2005). 


Brachytherapy 

Historically, brachytherapy has played a key role in the treatment for oral cavity 
carcinoma, primarily as a boost to the primary site in the oral cavity before or after 
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external beam radiation. Traditionally, radiation has been delivered using low dose 
rates of 0.4-0.6 Gy/h to the target volume (Mohanti et al. 2001; Strnad 2004). 
Treatments can be delivered using either rigid cesium needles or with 192 Ir sources 
afterloaded into angiocatheters (Fig. 6.3). The most common technique is after 
loading with 192 Ir (Wang et al. 1976). Guide needles can be inserted either free-hand 
or with the aid of a custom template to help maintain optimal source spacing. 

Gradual improvements in both radiation and reconstructive surgery techniques 
have diminished the use of brachytherapy in the treatment of oral cavity carcinoma. 
Single-institution studies have evaluated brachytherapy techniques in the context of 
adjuvant therapy for locally advanced disease but have typically demonstrated unsat- 
isfactory results in node-positive patients (Lapeyre et al. 2004). Further, the evolution 



Fig. 6.3 (a) Stage II (T2 NO M0) squamous cell carcinoma of the left lateral oral tongue, (b) 
Submental view of interstitial implantation catheters containing 192 Ir sources for delivery of a 25 
Gy tumor boost after previous external beam radiation to a dose of 50 Gy. (c) Implantation bed 
mucositis conforming to the tumor distribution 7 days after 25 Gy implant boost. (From Halperin 
EC, Perez CA, Brady LW, eds., Principles and practice of radiation oncology, fifth edition. 
Philadelphia: Lippincott Williams & Wilkins, 2008, with permission) 
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of highly conformal external beam techniques such as IMRT has contributed to less 
frequent practice of brachytherapy in head and neck cancer overall. 


Outcomes with Adjuvant Radiotherapy 

Several randomized trials have evaluated surgery alone or in combination with radio- 
therapy. Robertson and colleagues conducted a phase III study in the United Kingdom 
of 350 patients with T2-4 NO-2 oral cavity or oropharyngeal cancers comparing sur- 
gery and postoperative radiation vs. radiation alone. Because a difference in survival 
was identified, the study was closed early. The authors found that after 23 months, 
overall survival, cause-specific survival, and local control were all improved on the 
surgery plus radiation arm (Robertson et al. 1998). Mishra et al. conducted a prospec- 
tive randomized trial of surgery with or without adjuvant radiation 6 weeks after 
surgery in patients with carcinoma of the buccal mucosa (Mishra et al. 1996). They 
reported a 30% absolute improvement in disease-free survival, although there was no 
difference in overall survival with the use of adjuvant radiation therapy. Indications 
for postoperative radiation therapy include multiple cervical lymph node metastases, 
positive or close surgical margins, extracapsular nodal extension, perineural invasion, 
advanced T stage, and suspicion of mandibular cortical involvement. 

Much of the outcome data for postoperative radiotherapy in regionally meta- 
static oral cavity cancer is gleaned from single-institution retrospective reports, 
which generally assess a specific subsite of the oral cavity (e.g., oral tongue, floor 
of mouth, buccal mucosa), and frequently include postoperative patients as only a 
small subset of the total cohort (Byers et al. 1981; Shibuya et al. 1984; Zelefsky 
et al. 1990; Rodgers et al. 1993; Hicks et al. 1997). These studies are all concordant 
with the limited randomized data in showing a locoregional control advantage to 
postoperative radiotherapy, providing additional clinical support for the use of 
combined-modality treatment. 


Chemotherapy and Radiation 

The role of chemotherapy in head and neck cancer has evolved considerably in 
recent years and is currently an important component of treatment in the definitive 
setting. Several studies demonstrate the benefit of radiation with concurrent chemo- 
therapy administration in this setting (Adelstein et al. 2003; Brizel et al. 1998; 
Calais et al. 1999; Denis et al. 2004; Merlano et al. 1996; Staar et al. 2001; Wendt 
et al. 1998). Although these trials vary with respect to radiation dose, fractionation 
schedule, and chemotherapy regimen employed, they are all randomized comparisons 
between radiotherapy alone and radiotherapy plus chemotherapy. The advantage of 
concurrent chemotherapy with radiation has been further evaluated in several meta- 
analyses (Browman et al. 2001; El-Sayed and Nelson 1996; Munro 1995; Pignon 
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et al. 2000). These meta-analyses generally identify a small overall survival benefit 
(1-8%) for the use of chemotherapy (Harari et al. 2003). Summary analyses suggest 
no significant survival benefit for the use of neoadjuvant and adjuvant chemotherapy 
but do suggest a clear benefit for the use of concurrent chemoradiation (Pignon et al. 
2007). However, in many of the randomized studies comparing radiation alone to 
chemoradiation, oral cavity cancer patients are once again either excluded or make 
up only a small fraction of the study population. 

The use of concurrent chemoradiation in the postoperative setting initially dem- 
onstrated encouraging locoregional control outcomes but failed to demonstrate an 
improvement in overall survival (Marcial et al. 1990; Al-Sarraf et al. 1997). These 
findings prompted several institutions to analyze both retrospective and prospec- 
tive patient databases in an attempt to identify a population at high risk of local recur- 
rence, with the hypothesis that treatment of appropriately selected high-risk patients 
with chemoradiation may confer an overall survival benefit. The findings of several 
of these studies are relatively homogeneous in nature, identifying positive surgical 
margins, ECE, and presence of two or more involved lymph nodes as being most 
strongly predictive of local recurrence (Ang et al. 2001; Cooper et al. 1998; 
Rosenthal et al. 2002; Langendijk et al. 2003). These findings provided impetus for 
two randomized multicenter trials to study the outcome in high-risk patients treated 
with postoperative chemoradiation. 

Cooper et al. reported the results of a randomized study in North America 
comparing radiation alone (60-66 Gy) with chemoradiation (same radiation dose 
plus three cycles of 100 mg/m 2 cisplatin) in patients with head and neck carci- 
noma demonstrating high-risk features after gross total resection (Cooper et al. 
2004). High-risk disease was defined as any or all of the following: two or more 
involved lymph nodes, ECE of nodal disease, and microscopically involved resection 
margins. This study demonstrated a benefit in locoregional control and disease-free 
survival at 2 years, favoring the chemoradiation arm, but no overall survival benefit 
was appreciated (Fig. 6.4a). A recent update of this trial with extended follow-up 
failed to show a difference between treatment arms in 5-year locoregional control 
and disease-free survival, although an unplanned subgroup analysis suggested a 
benefit in patients with positive margins or ECE (Cooper et al. 2006). 

>■ 

Fig. 6.4 Kaplan-Meier estimates for overall survival from EORTC 22931 (a), and RTOG 95-01 
(b). (c) Comparative analysis of hazard ratio values for overall survival using pooled data from 
the European Organization for Research and Treatment of Cancer (EORTC) and RTOG trials in 
patients eligible for both trials or one trial only. Patients eligible for both trials included those with 
positive surgical margins and extracapsular nodal extension (ECE). (From Bernier J, Domenge C, 
Ozsahin M et al., Postoperative irradiation with or without concomitant chemotherapy for locally 
advanced head and neck cancer, N Engl J Med. 2004 May 6; 350(19):1945-1952, Cooper JS, 
Pajak TF, Forastiere AA et al.. Postoperative concurrent radiotherapy and chemotherapy for high- 
risk squamous-cell carcinoma of the head and neck, N Engl J Med. 2004 May 6; 350(19):1937- 
1944, with permission; and Bernier J, Cooper JS, Pajak TF et al., Defining risk levels in locally 
advanced head and neck cancers: a comparative analysis of concurrent postoperative radiation 
plus chemotherapy trials of the EORTC (#22931) and RTOG (# 9501) Head Neck, 2005 Oct; 
27(10):843-850, © 2005, J. Bernier, reprinted with permission of John Wiley & Sons, Inc.) 
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A parallel study in Europe by Bernier et al. randomized patients to essentially 
equivalent treatment arms following head and neck cancer surgery (Bernier et al. 
2004). Eligibility criteria included patients with pathologic T3 or T4 disease 
(except T3 NO), or patients with any T stage disease with two or more involved 
lymph nodes, or patients with T1/T2 and N0/N1 disease with unfavorable patho- 
logic findings (extranodal spread, positive margins, perineural involvement, or 
vascular embolism). Local control, progression-free survival, and overall survival 
were superior for patients on the chemoradiation arm (Fig. 6.4b). Both of these 
randomized trials demonstrate a significant increase in treatment-related toxicity in 
the chemoradiation arms, reinforcing the concept that the outcome benefit observed 
is a consequence of more aggressive treatment, with no appreciable change to the 
existing therapeutic ratio. A pooled data analysis of these two trials demonstrates a 
small but statistically significant improvement in locoregional control, disease-free 
survival, and overall survival in the chemoradiation arm for all enrolled patients but 
confirms that patients with positive surgical margins and/or ECE derived the major- 
ity of the outcome benefit (Fig. 6.4c) (Bernier et al. 2005). It should be noted that 
the pooled analysis does not incorporate updated outcome data from either trial, 
thereby limiting the evidence-based recommendation for postoperative chemora- 
diation to patients with positive margins and/or ECE. 


Targeted Agents Combined with Radiation 

In recent years, there has been a substantial increase in the exploration of targeted 
agents in an effort to improve the therapeutic ratio by alleviating some of the 
treatment-related toxicities commonly associated with cytotoxic chemotherapy. 
One such agent, cetuximab, was shown in initial laboratory studies to be an effec- 
tive radiosensitizing agent in head and neck cancer cell lines (Huang et al. 1999; 
Milas et al. 2000). A randomized clinical trial comparing radiation alone or in com- 
bination with cetuximab as definitive treatment for head and neck cancer demon- 
strated an absolute survival benefit of 10% at 3 years with the use of cetuximab, 
with little substantial additive toxicity over radiation alone (Bonner et al. 2006). 
This led to the subsequent US Food and Drug Administration (FDA) -approval for 
this agent in the treatment of head and neck cancer. 

A phase II randomized clinical trial recently conducted by the Radiation Therapy 
Oncology Group (RTOG) evaluated two cetuximab-based postoperative chemora- 
diation regimens in the patient population defined as high-risk by the Cooper study 
discussed previously (positive margins, two or more involved lymph nodes or ECE). 
Initial feasibility and toxicity reports show that the cetuximab-containing regimens 
are tolerable, with an incidence of grade 4-5 toxicity (9.2-10.1%) that compares 
favorably to the 15% estimate for radiation plus cisplatin from RTOG 95-01 (Harari 
et al. 2007). 

Although the efficacy data from this trial are still maturing, it is hoped that this 
and other trials of targeted agents in combination with radiation will continue to 
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suggest a widening of the therapeutic ratio, with preservation or improvement of 
outcomes and minimal additive toxicity for patients with high-risk disease. 
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Chapter 7 

Animal Models of Oral Cancer Metastasis 

Zvonimir Milas, Jeffrey Myers, and Carlos Caulin 


Abstract Metastasis is a complex, highly coordinated series of events in which 
cells from a primary tumor invade lymphatic and/or blood vessels and spread to 
regional lymph nodes and/or distant organs, establishing proliferating tumor deposits. 
Because this process requires the interaction of tumor cells with many types of 
normal cells, tissues, and systems of an intact organism, in vitro model systems 
provide very limited information regarding the biology of metastasis. Therefore, 
in vivo model systems are needed to further our understanding of the metastatic 
process. Several major types of murine model systems have been most informative 
and include those in which tumor cells are implanted into tissues or injected into 
the blood system. Also useful are autochthonous models, in which tumors with 
metastatic potential are induced at the primary site, in this case, the oral cavity, 
through treatment of the oral mucosa with chemical carcinogens or by genetically 
engineering changes in the expression of oncogenes and tumor suppressor genes in 
the oral epithelia. This chapter summarizes the progress that has been made in the 
development of mouse models of metastasis in oral cancer and the contributions of 
these models to our understanding of the biology of oral cancer metastasis. 


Introduction 

Metastasis, the establishment of secondary growths at sites distant from the primary 
tumor, results from a cascade of sequential steps, including the entry of tumor cells 
into the blood or lymphatic circulation, their transit within the circulation, and the 
lodging and growth of these cells at remote tissues and organs. The metastatic pro- 
cess includes a complex, highly coordinated series of events involving tumor cells 
and their interactions with host tissues and systems including the basement mem- 
brane; the surrounding stroma; the lymphatic and systemic vasculature; the immune 
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system; the lymph nodes; and distant organs such as the lungs, liver, brain, and 
bones. In vitro analyses of the molecular and cellular processes constituting the 
hallmarks of cancer cells, including unchecked cell proliferation, loss of growth 
inhibitory signals, loss of apoptotic mechanisms, and elaboration of proteolytic 
enzymes, are not sufficient to fully demonstrate the complex interplay between 
tumor cells and the organism in which tumors develop and spread. Rather, in vivo 
metastatic models are needed to better identify the multiple molecular and cellular 
interactions between tumor cells and host tissues that are required for the develop- 
ment of metastases. Mouse models have been particularly helpful in this regard and 
comprise a wide array of model systems, including human tumor or cell line 
implantation in orthotopic or heterotopic sites in immunosuppressed animals, 
tumor implantation studies in syngeneic animals, chemical carcinogenesis models, 
and genetically engineered mouse models. Each of these systems has been used in 
the study of oral cancer metastases and has provided insights into the metastatic 
process. In this chapter, we will summarize the relative merits and deficiencies of 
the different types of metastatic models and the progress that has been with each of 
these in the study of oral cancer metastases. 


Historical Background 

Toward the end of the nineteenth century, Dr. Stephen Paget, a British surgeon, 
proposed the "seed and soil" hypothesis of cancer metastasis, wherein he postulated 
that cancer cells are the "seeds" that have the variant capacity to escape from the 
primary tumor, spread to, and implant in a distant tissue and that specific qualities 
of the recipient tissues determine the condition of "the soil," which enables a metas- 
tasis to proliferate, survive, and progress in that tissue (Paget 1889). Paget described 
the preference of tumor metastasis and the locations as a result of specific organs 
providing a more suitable growth environment for that specific tumor cell type. 
This was supported by his observations of breast cancer cases in which metastases 
from breast cancers were more often observed to occur in the liver as opposed to 
other organs examined, indicating that the site of metastasis development did not 
occur by chance. 

Experimental evidence for Dr. Paget's astute clinical observations and clearly 
stated hypothesis came from the investigations of Dr. Isaiah Fidler and his col- 
leagues, who used an elegant animal model of melanoma, in which subcutaneously 
implanted tumors metastasized preferentially to the lungs and ovaries (Hart and 
Fidler 1980). In this work, they went on to show that even though tumor cells ini- 
tially became trapped in multiple organs, they ultimately took root and grew only 
in selected sites. 

This work demonstrated that the process of metastasis is relatively inefficient, as 
only a small subset of cells can overcome each of the multiple successive limiting 
steps and actually form viable metastases (Weiss 1996). The initial steps of metas- 
tasis include the loss of cell-cell contacts, adhesion to the extracellular matrix 
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(ECM), and the capacity to survive detachment from the ECM (Swan et al. 2003). 
Once this is achieved, tumor cells must be motile enough to migrate through the 
surrounding stroma and express proteases in order to invade through the basement 
membrane (Zucker et al. 2000). Next, cells must be able to bind to and transverse 
the lymphatic and systemic vasculature (Ji 2006). Once within the circulation, the 
tumor cells must survive the kinetic and shear forces in order to progress to the next 
step of metastasis formation. Also within the circulatory or lymphatic system, the 
tumor cells are exposed to increased immune system surveillance. The tumor cells 
must avoid detection or identification by natural killer cells and cytotoxic T lym- 
phocytes, which have been implicated in the reduction of tumor metastases (Habu 
et al. 1981; Kasai et al. 1981). Once the tumor cells have spread through the circula- 
tory system, they can become embedded through embolization within a capillary 
bed or extravasate through a process of adhesion and migration into distant sites. 
Within this new locale, the tumor cells must receive adequate growth factors via 
autocrine or paracrine signaling that ensure their survival and proliferation (Hill 
2002). Finally, establishment of angiogenesis is important for sustaining the 
continued growth of metastatic foci. 

To study the complicated, multifactorial process of metastasis, examination of 
the characteristics of the local tissue and the host factors is as important as the study 
of the tumor cell characteristics. Therefore, despite many technological advances, 
in vitro experiments cannot entirely recreate the local tissue conditions necessary 
to study the later stages of the metastatic process. Consequently, research into the 
mechanisms of tumor metastasis has required in vivo models to reproduce clinical 
conditions and host factors as closely as possible. 

Several major types of murine model systems have been used to study the com- 
plex interplay of tumor cell and host factors in vivo, and these include implanta- 
tion models in which tumor cells are implanted into tissues or injected into the 
circulation. The other major class of murine models that have been useful for 
studies of metastasis are autochthonous tumors models. In these models, tumors 
with metastatic potential are induced at the primary site, in this case, the oral cav- 
ity, through treatment of the oral mucosa with chemical carcinogens or by geneti- 
cally engineering changes in the expression of oncogenes and tumor suppressor 
genes in the oral epithelia. 


Implantation Metastasis Models 

There are two major classes of in vivo tumor implantation models of metastasis, 
specifically, spontaneous metastasis models and experimental metastasis models, both 
of which have been used with syngeneic murine tumor cells in immunocompetent 
mice as well as xenogenic human tumor cell lines in immunosupressed mice. In the 
experimental metastasis model, tumor cells are prepared in single cell suspension 
from excised tumors or in vitro cultured cell lines and are then injected into the 
circulation via an intravenous (commonly tail vein), intra-arterial or intraportal route. 
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An illustrative example of this model is the generation of metastases of the murine 
B16 melanoma in syngeneic C57BL mice (Fidler 1973; Fidler and Kripke 1977). 
B16 melanoma cells were injected intravenously into syngeneic mice with resultant 
lung tumor nodules observable at about 2 weeks after tumor cell inoculation. 
The cells from these nodules were cultured and re-injected into mice. With each 
successive injection from cultured metastases, the average number of resultant 
pulmonary tumors increased. Subsequent research used multiple cultured sub-clones 
of the B16 melanoma cell line to look for phenotypic changes in the subclones' 
ability to produce lung metastases after intravenous injection (Fidler and Kripke 
1977). Through these seminal studies, Fidler and Kripke demonstrated that the 
original B 16 melanoma tumor was heterogeneous and contained clonal cell popula- 
tions of variant metastatic potential, and this has become one of the key principles 
of metastatic tumor biology. 

Momose et al. confirmed this principle of clonal heterogeneity in oral squamous 
cell carcinoma (HSC-3) using both experimental metastasis and spontaneous 
metastasis models (Momose et al. 1989). More recently, the experimental metasta- 
sis model of syngeneic B16 melanoma has been combined with cDNA microarrays 
to identify a metastasis related gene, RhoC, in the B 16 melanoma clonal population 
(Clark et al. 2000). Clark's study demonstrates that the experimental metastasis 
model continues to yield important information as newer methods of molecular 
characterization are used to distinguish differences in the expression of molecules 
critical to the metastatic process between highly metastatic cells derived from a 
minimally metastatic heterogeneous cell line. 

Experimental metastasis models, however, have not been used commonly in the 
study of oral squamous cell carcinomas for several reasons (Momose et al. 1989). 
The experimental metastasis model bypasses the early determinants of tumor 
metastasis, notably tumor cell adhesion and invasion. It evaluates the metastatic 
process only after tumor cells have gained vascular access, and it does not evaluate 
loss of tumor cell adhesion, ECM proteolysis, and the subsequent tumor cell vas- 
cular or lymphatic invasion (Hill 2002). The metastases that form from direct 
intravascular injection of tumor cells can be a result of tumor embolization or from 
tumor cell adhesion and diapedesis, and the experimental metastasis model cannot 
accurately distinguish between these two mechanisms. Nonetheless, the experi- 
mental metastasis model does appropriately re-approximate tumors and condition 
that result in hematogenous metastasis. 

Experimental metastatic models have several significant advantages. For exam- 
ple, the number of tumor cells injected can be controlled allowing for easier com- 
parison and study of tumor metastasis efficiency in a specific tumor cell line. In 
addition, in the experimental model, tumor metastasis formation is generally syn- 
chronous in animals injected simultaneously allowing for larger-scale experiments, 
and the metastases formed tend to preserve the phenotypic characteristics of the 
injected cells. 

Although the experimental metastasis model remains a very powerful tool 
with significant advantages and certain limitations, research in oral squamous 
cell carcinoma and its metastases has predominantly relied on spontaneous 
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tumor models. A major reason for this is that the major clinical problem in the 
metastasis of oral cancer is regional lymphatic metastasis more than systemic 
metastatic spread through the hematogenous route. However, clinical trials of 
the nonsurgical treatment of squamous cell cancers of nonoral upper aerodiges- 
tive tract (UADT) sites indicate that as local-regional control improves, the rate 
of death as a result of development of metastasis also increases. Thus, the issue 
of distant metastasis in UADT cancer is becoming clinically more relevant and 
will require additional preclinical studies in appropriate complementary model 
systems. 

In spontaneous tumor models, cell suspensions or explanted tumor fragments 
are implanted within a particular tissue, and this allows for local tumor establish- 
ment and the possibility for the development of regional and/or systemic metastases. 
In spontaneous tumor models, either syngeneic murine tumor cells or human explants 
or cell lines can be implanted in orthotopic or heterotopic locations, and then the 
spontaneous development of tumor metastases can be studied. A major advantage 
then of spontaneous tumor models in contrast to experimental metastasis models, 
is that the spontaneous tumor model does not abrogate the initial steps needed for 
a tumor to form metastases. However, there are relative disadvantages to spontane- 
ous tumor models, which are dependent on the particular tumor model. Creating a 
large cohort of metastasized tumors for investigation can be difficult because 
metastasis development is not assured, nor is it temporally identical between test 
animals. Local injection may create a breakdown in the basement membrane, 
thereby bypassing the initial invasion steps through the basement membrane and 
facilitating the escape of tumor cells. Metastases tend to be late events, in animal 
models and humans. A risk of the spontaneous tumor model is that the mouse may 
succumb to local effects from the primary tumor implant, particularly if the tumor 
is implanted orthotopically (Bibby 2004). This is highly relevant to the study of 
oral squamous cell carcinoma in which orthotopic implantation often creates 
difficulties in an animal's ability to eat, which may threaten the animal's survival 
prior to the development of metastasis. 


Orthotopic Models and Metastasis 

In one of the first investigations demonstrating the feasibility of orthotopic implan- 
tation, Tan et al. (1977) successfully performed orthotopic transplantation of 
murine colon adenocarcinomas into the colon of syngeneic mice (Tan et al. 1977). 
At the time, they also noted an increase in liver metastases in this model, thus setting 
the stage for the use of orthotopic modeling in metastasis research. 

In the late 1980s and early 1990s, several reports emerged describing the devel- 
opment of orthotopic models of oral squamous cell carcinoma with varying degrees 
of success (Fitch et al. 1988; Dinesman et al. 1990; Kawashiri et al. 1995). Fitch 
et al. aspirated cells from fresh human tumors growing subcutaneously in nude 
mice and then injected these cells into the tongues of nude mice (Fitch et al. 1988). 
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This model demonstrated comparable tumorigenicity between the subcutaneous 
and orthotopic site probably because of the method of harvesting cells from already 
growing and implanted subcutaneous tumors. Dinesman et al. developed a slightly 
different model implanting cells into the floor of the mouth in nude mice to imitate 
the physiologic environment of the oral cavity (Dinesman et al. 1990). Tumor cells 
were injected via a submandibular route into the tissue, deep in to the mylohyoid 
muscle beneath the floor of the mouth. They observed that only 5% of the mice had 
lymph node metastases, whereas 40% had pulmonary metastases. This finding 
contrasted both clinical human patterns of oral squamous cell carcinoma and prior 
murine subcutaneous oral squamous cell carcinoma models. The discrepancy in 
tumor metastases between lung and lymph nodes in Dinesman's model is not fully 
understood. That notwithstanding, the floor of the mouth model captured signifi- 
cant attention for its tremendous potential in oral cancer research. 

Dinesman's floor of the mouth model was slightly modified by Simon et al. who 
implanted SCC cells into the floor of the mouth, at a depth superficial to the 
mylohyoid muscle (Simon et al. 1998). Kawashiri et al. and Myers et al. were the 
first to describe orthotopic lingual models of oral squamous cell carcinoma 
(Kawashiri et al. 1999; Kawashiri et al. 1995; Myers et al. 2002). Both groups 
injected nude mice with variable numbers of tumor cells in the submucosa of the 
tongue through a transoral approach. These mice reliably developed local tumors 
with lymph node metastases. Qui et al. modified this lingual model by transplanting 
1 mm 3 fresh human specimen, instead of tumor cell suspensions, into nude mice 
(Qiu et al. 2003). The rationale of this model was to maintain the cell-to-cell inter- 
actions whose disruption is the prerequisite to metastasis. 

The use of orthotopic transplantation models can also expose factors of clinical 
significance to the disease process not seen in subcutaneous models. In nonoral 
squamous cell tumors, Kuo and Fidler independently established the stark differ- 
ences between subcutaneous tumors and orthotopic tumors in response to chemo- 
therapy (Fidler et al. 1994; Kuo et al. 1993). Kawashiri et al. observed another 
difference between the subcutaneous and orthotopic implantation site. They injected 
nude mice with well-established oral squamous cell carcinoma cell lines, OSC19 and 
OSC20, and then compared the histological difference of the tumors between the 
implantation sites. The heterotopic subcutaneous tumor had a more expansive but 
poorly invasive growth pattern. In contrast, the orthotopic implanted tumors expressed 
a more locally invasive pattern, similar to the original tumors (Kawashiri et al. 1995). 
This observation of variable growth between subcutaneous and orthotopic tumors 
in oral squamous cell tumors has been validated by other authors (Myers et al. 2002). 
These experiments substantiated the principle in oral squamous cell carcinoma that 
the orthotopic transplantation of tumor cells produce tumors that better mimic the 
phenotypic properties of the original tumor, compared to heterotopic injection. 

With the clear establishment of the value of orthotopic models in the study of 
oral squamous cell carcinoma metastasis, a body of literature has developed specifi- 
cally investigating diverse aspects of the biology of metastasis and their response 
to therapeutics. In addition, metastatic oral squamous cell carcinoma explanted 
from cervical lymph nodes generated more aggressive clones with a higher metastatic 
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potential after sequential re-culturing and orthotopic re-implantation, as previously 
observed with the melanoma B 16 model (Myers et al. 2002; Qiu et al. 2003; Matsui 
et al. 1998). This process can lead to the outgrowth of tumor subclones with differ- 
ent metastatic potential, which can be used to identify gene expression patterns and 
epigenetic changes predisposing tumors to metastasize. Others have used the ortho- 
topic model to develop preclinical models to test targeted therapy for oral squamous 
cell carcinoma metastasis. Thus, molecular targeting of epidermal growth factor 
receptor (EGFR) and vascular endothelial growth factor receptor (VEGFR) has 
been found to reduce metastasis formation (Yazici et al. 2005; Shintani et al. 2003). 
In addition, Lee et al. observed that lupeol, a nuclear factor kappa B (NF-kB) 
inhibitor, used with the combination of chemotherapy resulted in tumor size 
reduction and decreased metastasis formation (Lee et al. 2007). In another 
example, Marimastat, a broad matrix metalloproteinase (MMP) inhibitor, decreased 
the rate of cervical lymph node metastasis even though it did not reduce the original 
tumor volume (Maekawa et al. 2002). These studies and many others highlight the 
depth and breadth of investigations being carried out in oral cancer tumor models. 


Xenograft and Syngeneic Models 

Most of the models discussed so far have used human cancer cell lines that have 
been transplanted into immunosuppressed mice. Nude, athymic mice (nu/nu) and 
severe combined immunodeficient (SCID) mice that are T and B lymphocyte cell 
deficient tolerate engraftment of human xenografted tissue including malignant 
tumors. Indeed, xenografts of oral squamous cell carcinoma were first reported in 
the mid 1980s with very good success (Braakhuis et al. 1984; Baker 1985), and they 
have since been the most commonly used models in the study of oral squamous cell 
carcinoma. However, the relevance of using immunosuppressed mice in xenograft 
models for human cancer has been a topic of much discussion. 

There are certainly disadvantages with using immunosuppressed mice and xeno- 
grafted tumors. Although nude mice retain innate immunity, natural killer (NK) 
lymphocytes and macrophages, they are T-lymphocyte cell deficient. In early studies, 
NK cells were found to limit tumor growth and potentially prevent metastasis 
(Habu et al. 1981; Kasai et al. 1981). Later, Xie et al. compared SCID mice and 
nude mice with three different tumor cell lines and found no significant difference 
between the two immunosuppressed mouse strains in tumor growth rates or cyto- 
toxicity induced by NK cells. They did, however, observe a higher metastasis rate 
in all the three cell lines in the SCID mice (Xie et al. 1992). Immunosuppressed mice 
also lack the human stroma and immune cells, which are important to the metastatic 
process (Varney et al. 2002). Considering the advantages and limitations of the 
xenograft models, it is not surprising to find that their use as preclinical models for 
testing drug efficacy has produced contrasting results. While there are studies that 
suggest a good correlation between xenograft data and clinical activity of drugs 
(Fiebig and Berger 1995), other studies are not as supportive (Johnson et al. 2001). 
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Regardless of the positive findings, legitimate concerns regarding the interpretation 
of studies using immune deficient mice still remain. 

Studies in immunocompetent models would, theoretically, more accurately rep- 
licate the human clinical condition. Therefore, several investigators have developed 
syngeneic tumor models for oral squamous cell carcinoma. However, the widespread 
development of these models has been limited by the relatively rare occurrence of 
spontaneous oral cancers in immunocompetent mice. O'Malley et al. devised an 
attractive immunocompetent murine model for oral cancer by injecting cells from 
the murine cutaneous squamous cell carcinoma cell line, SCC VII, into the floor of 
the mouth of syngeneic C3H/HeJ mice (O'Malley et al. 1997). They observed 
cervical lymph node and pulmonary metastases usually by the third week from 
injection. Interestingly, a subsequent study further characterized this tumor cell line 
and did not find any systemic metastases following intradermal (subcutaneous) 
injection in the flank (Khurana et al. 2001). The SCC VII syngeneic squamous cell 
carcinoma arose spontaneously in the abdominal wall of a C3H mouse and is, therefore, 
technically not a squamous cell carcinoma of oral mucosa origin (Hirst et al. 1982). 
Regardless, this was an important development that has allowed research into a 
syngeneic model with an intact immune system using a squamous cell carcinoma. 

Another spontaneous squamous cell carcinoma, AT-84, in the C3H mouse was 
identified (Hier et al. 1995). This cell line was initially used in a subcutaneous 
model. Later, Lou et al. implanted AT-84 in an orthotopic tongue model and com- 
pared it to the subcutaneous model used previously (Lou et al. 2003; Lou et al. 
2002). Their findings were very similar to those seen with SCC VII tumor cell line; 
the tumor was not regionally metastatic with subcutaneous implantation. They saw 
only lung metastases and did not observe lymph node metastases, leading them to 
believe the mechanism of metastasis for AT-84 was primarily hematogenous (Lou 
et al. 2003). Both AT-84 and SCC VII represent tremendous potential for investigation 
of squamous cell carcinomas in an immunocompetent system. However, their 
metastases seem to be predominantly hematogenous, unlike human oral squamous 
cell carcinoma tumors and xenografts. 


Detection of Metastasis 

Detection of metastatic foci, whether in lymph nodes or distant organs, can present 
a significant challenge. Classically, the presence of metastasis has been evaluated 
at necropsy in euthanized mice after completion of the experimental protocol. In 
oral squamous cell carcinoma, most investigators resect both the draining lymph 
node basins and the lungs for pathological evaluation. The histology slides are then 
stained and examined in detail to identify foci of metastasis. At the molecular level, 
metastatic cells can be detected by using molecular markers present in the metastasis 
but not in the host tissue. For instance, Komori et al. developed a polymerase chain 
reaction (PCR) technique using specific primers for human P-globin and mutant 
p53 genes to identify the presence of metastases in lymph node and lung samples 
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from xenografted oral squamous carcinomas (Komatsubara et al. 2002; Shigeta 
et al. 2007). Although very valuable for metastasis detection, these techniques require 
tissue processing and are not feasible for the detection of tumor cells in viable tissues. 
Another classical approach to metastasis identification is the use of pigmented 
cells, such as B 16 melanoma, to macroscopically identify metastases. Unfortunately, 
oral squamous cell carcinomas do not innately have such an advantage. 

Several techniques have been adapted for visualization of metastasis in mice, 
including the generation of xenografts using cell lines modified to express molecular 
markers that can be readily detected in host tissues, such as the Escherichia coli 
beta-galactosidase (lacZ) gene (Lin et al. 1990). This technique allows the visual- 
ization of tumor and metastatic cells at the single cell level. However, the detection 
of lacZ activity requires histological preparation of tissues and cannot be used for 
cellular imaging in live animals. Subsequently, newer technologies have been 
developed to detect tumor cells in live cells, allowed to visualize in vivo oral 
squamous cell carcinoma formation and the metastases derived from them. 

The green fluorescent protein (GFP) was cloned from the bioluminescent jelly- 
fish Aequorea Victoria in the early 1970s (Morin and Hastings 1971), and was more 
recently applied as a marker for gene expression in animal models in the mid 1990s 
(Chalfie et al. 1994; Cheng et al. 1996). This technology was quickly applied to the 
tumor cell imaging of GFP-transfected cells xenografted in animal models, which 
can be visualized with intravital microscopy using a multiphoton confocal micro- 
scope, facilitated by the long-term half-life of the GFP protein (Hoffman 2002). 
This provided an opportunity for the real-time observation of tumors, angiogenesis, 
and metastasis. Initially, this technique was limited to the investigation of ectopic 
primary tumors or exteriorized organs using multiphoton confocal microscopy. 

Several studies have used GFP for imaging primary oral squamous cell carci- 
noma and metastasis. Myers et al. demonstrated the feasibility of imaging exteriorized 
lymph nodes to determine the presence of lymph node metastases in an orthotopic 
tongue model (Fig. 7.1) (Myers et al. 2002). This was later reproduced and verified 
by other authors (Shintani et al. 2002). Advances in technology of whole body 
imaging and higher resolution imaging increased the versatility of GFP-based visu- 
alization approaches (Hoffman 2002; Yang et al. 2001). Although GFP imaging is 
not widely used in oral squamous cell carcinoma models, it remains a powerful tool 
for metastasis monitoring and animal imaging. 

In essentially synchronous development with GFP, bioluminescence with the 
enzyme firefly luciferase (luc) has been applied to noninvasive in vivo tumor mea- 
surement. The gene encoding luciferase, a photoprotein from the photinus pyralis 
firefly is transfected into human tumor cells and its expression can be used to moni- 
tor tumor growth and response to antineoplastic agents (Zhang et al. 1994). Unlike 
GFP, detection of luciferase activity requires that the substrate, luciferin, be admin- 
istered to mice prior to detection; but due to its relatively short half-life it is a real- 
time indicator of transcription and a better reporter to monitor changes in gene 
expression, compared to the longer lived and expressed GFP (Contag et al. 2000). 
These properties make tumor cells transfected with luciferase, a valuable tool for 
monitoring tumor kinetics, growth, and response to treatment in real-time. 
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A major advantage of using luciferase for tumor studies in animal models is pro- 
vided by current optical systems that allow specific and sensitive detection of luciferase 
activity in internal tissues, critical to identifying tumor metastasis. Application of this 
technology to oral squamous cell carcinomas has been carried out by Sano and Myers, 
who have found that an orthotopic tongue tumor and subsequent regional metastases 
can be monitored via luciferase imaging both before and after partial glossectomy 
(Fig. 7.2) (Sano and Myers 2007). The use of the luciferase gene in in vivo models for 
oral cancer is gaining in popularity (Patel et al. 2004; Henson et al. 2007). 



Day 0 Day 10 Day 16 

(at day 2 post operation) 


Fig. 7.2 Bioluminescence imaging of mice orthotopically transplanted with luciferase-transduced 
cells. The tips of the mice tongues were injected with OSC19Luc + cells. The mice were imaged 
using the IVIS 200 imaging system (Xenogen Corporation, Berkeley, CA). Initial imaging (day 0) 
demonstrates engraftment of the orthotopic transplanted xenografted OSC19Luc + cells. Repeat 
bioluminescent imaging (day 10) shows continued localized photon emission at the site of tongue 
tumor growth. Glossectomy was performed on day 14, and 2 days after glossectomy. Cervical 
lymph node metastases are identified in vivo without animal sacrifice through the biolumines- 
cence of the tumors (day 16) 


-< 

Fig. 7.1 Orthotopic Tongue Model: Histology and Imaging Techniques with GFP. Panels (a) and 
(b) demonstrate regional metastasis from orthotopic sublingual implantation of B16-BL6 mela- 
noma. The tongues of C57BL/6 black mice were inoculated with syngeneic B16-BL6 melanoma 
cells; the mice were killed after 14 days and necropsy performed. An obvious tumor is seen in the 
tongue. Bilateral metastases are easily identified by melanotic pigmentation within the cervical 
lymph nodes. Comparative histopathology illustrates the resemblance between orthotopically 
transplanted, xenografted Tul67 human SCC implanted into the oral tongue of a nude mouse, 
panel (c), with a pathology specimen of human squamous cell carcinoma of the tongue, panel (d). 
Panels (e)-(g) demonstrate green fluorescent protein's (GFP's) role in visualization of orthotopic 
tongue tumors and regional metastasis. Tul59GFP was inoculated submucosally in the tongue of 
each mouse; the mouse was sacrificed, and the tumor was visualized under a dissecting fluores- 
cence microscope. The primary tumor in the tongue (e) is readily apparent. An area of fluores- 
cence, noted in the submandibular region (f), was resected, revealing metastatic tumor on 
microscopic examination (g). The final two panels are hematoxylin-eosin-stained slides of metas- 
tasis found with GFP imaging. Panel (h) shows a cervical lymph node with subcapsular metastatic 
tumor in a nude mouse in which the Tul67G-LNl line was grown orthotopically. Panel (i) is an 
image of distant metastatic tumor in the lungs from the same experiment 
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Other techniques have been developed to assist in identification and evaluation of 
metastases including computed tomography (CT) and three-dimensional image 
reconstruction which have been miniaturized to image mice and other rodents. 
Several authors have used microCT to characterize the locally invasive and destructive 
nature of oral cancers in the xenograft orthotopic model (Cui et al. 2005; Henson 
et al. 2007; Nomura et al. 2007). Other novel and miniaturized imaging modalities 
have been applied to in vivo animal research of oral squamous cell carcinoma. For 
example, Melancon et al. developed and tested novel imaging compounds designed 
for dual magnetic resonance (MR)-optical imaging in mice bearing orthotopic tongue 
tumors. They then applied this compound with the dual MR-optical imaging to more 
sensitively detect, localize, and characterize sentinel lymph nodes in an orthotopic 
tumor mouse model (Melancon et al. 2007). Erdem et al. has used micropositron 
emission tomography (PET)/CT imaging to identify and compare the locally invasive 
characteristics and metastatic capacities of several oral squamous cell carcinoma cell 
lines after injecting into the masseter muscle in SCID mice (Erdem et al. 2008). 


Autochthonous Mouse Models 

Mouse models generated by transplantation of tumors or cell lines into immunosup- 
pressed or immunocompetent mice have provided significant progress in under- 
standing biological mechanisms and molecular pathways involved in oral cancer 
metastasis, as detailed in previous sections of this chapter. However, metastasis is a 
complex process that starts in the primary tumor and involves the interaction of 
tumor cells with surrounding normal epithelial cells and a variety of cells of different 
lineages that make up the tumor microenvironment. During tumor progression, cancer 
cells accumulate genetic alterations that contribute to invasion and metastasis in 
processes that involve the interaction of the tumor cells with the stroma. The signifi- 
cance of these interactions in metastasis development can only be fully evaluated in 
tumors that develop endogenously in the context of a functional immune system. 

Initially, autochthonous oral tumors were generated in animal models by using 
chemical carcinogenesis protocols on rodents, including hamsters, rats and mice. 
These models have been extensively used to study the biology of oral tumor forma- 
tion, molecular alterations that contribute to oral tumor formation and malignant 
progression and as preclinical models for testing the efficiency of potential antitu- 
mor agents. Chemical carcinogenesis models have contributed to the concept that 
oral cancers result from the accumulation of multiple genetic alterations. When the 
technology to manipulate the mouse genome became available, the first transgenic 
mouse models for oral cancer were developed. In these models, potential oncogenes 
are targeted for expression in the oral epithelium to determine their role during oral 
carcinogenesis. More recently, technological advances have allowed replacement of 
normal mouse genes for mutant forms similar to those found in human oral cancers. 
In addition, the ability to activate endogenous mutations exclusively in the oral 
epithelium allows the generation of models that closely recapitulate in the mouse, 
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the genetic events identified in human oral cancers. In the next sections, we will 
discuss some of the advances in understanding oral tumor progression and metasta- 
sis provided by mouse models with autochthonous oral tumors. 


Chemical Carcinogenesis Models 

Cancer induction in animal models by exposure to carcinogens has been used 
extensively in cancer research for nearly 100 years, since the initial studies by 
Yamagiwa and Ichikawa in 1915 demonstrated that application of coal tar to the 
ears of rabbits induced skin squamous cell carcinomas (Yamagiwa and Ichikawa 
1977). Subsequent efforts concentrated on identifying and isolating potential car- 
cinogens that were tested for their tumorigenic properties in multiple organs in 
different animal models. Attempts to induce cancers of the oral cavity by treatment 
with chemical carcinogens in experimental models culminated in 1954 with the 
first report documenting squamous cell carcinoma formation in the cheek pouch of 
the Syrian hamster after repeated application of 9,10-dimethyl-l,2-benz(a)anthra- 
cene (DMBA) (Salley 1954). The Syrian hamster was chosen for these studies 
because the two cheek pouches, lined by stratified epithelia, can be readily inverted 
and pulled out for easy access and gross observation. Interestingly, all the animals 
that were treated with DMBA in this study developed oral squamous cell carcino- 
mas with cervical lymph node metastasis. These observations predicted that the 
hamster cheek pouch model would be an invaluable system to study the biology of 
oral cancer metastasis. However, despite extensive application of this model, and 
meticulous search for local and distant metastases by different laboratories (Shklar 
1966; Dachi et al. 1967; Levij et al. 1967), metastases were not reported again using 
similar carcinogenesis protocols until 1970, when a lymph node metastasis was 
found in one hamster from a group of ten animals that received DMBA 
(Rwomushana et al. 1970). This was certainly a rare case since the authors reported 
in the same publication that this was the only metastasis found in their laboratory 
out of 562 animals that had been treated with DMBA during a 4-year period. 

It was reasoned that the rapid growth of the primary oral tumors that developed 
in the hamster cheek pouch resulted in the formation of large size tumors that com- 
promised the life of the animals before the tumors reached metastatic potential, 
suggesting that efforts to increase the lifespan of tumor-bearing hamsters would 
allow extra time for malignant progression. In fact, excision of the largest primary 
oral tumors from the hamster cheek pouch increased the survival of the animals and 
the rates of lymph node metastasis, which reached almost 50% of the treated ani- 
mals (Craig 1980). It was unclear whether the high rates of local metastasis was a 
direct consequence of the longer lifespan of the animals and the extended time to 
develop metastasis or whether the surgical procedure used to remove the tumors 
facilitated the spread of malignant cells. In this regard, Safour et al. demonstrated 
that incision of normal oral tissue with blades that had previously been used to 
practice incisions in hamster cheek pouch tumors induced oral cancer formation at 
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the incision site with similar metastatic rates (Safour et al. 1984), suggesting that the 
surgical procedures contributed to the high rates of metastasis after removal of 
the primary tumors. Indeed, subsequent studies demonstrated that metastases to 
cervical lymph nodes were only observed in hamsters that received surgical removal 
of DMBA-induced oral squamous cell carcinomas, but not in control animals in which 
tumors were left untouched during the same period of time, again indicating that 
surgical excision of the primary tumors can augment the metastatic potential of oral 
cancer cells (Kage et al. 1987). 

These studies suggested that primary tumors contain cells with potential to colo- 
nize and grow in distant organs although their dissemination may be restricted by 
the tumor microenvironment. Interestingly, administration of cyclosporin A after 
excision of DMBA-induced oral tumors increased the incidence of cervical lymph 
node metastasis to 90% (Yamada et al. 1992), suggesting that the immune system 
can control the metastatic progression of oral cancers. Later studies reported a cor- 
relation between the elevated levels of cytokines such as tumor necrosis factor 
alpha (TNFa) and interleukin-6 (IL-6) and suppression of the cervical lymph node 
metastasis of DMBA-induced oral tumors in hamsters (Nakajima et al. 1996), 
supporting an antimetastatic role for certain cytokines. Surgical excision of the 
primary tumors has been used occasionally to facilitate local metastatic spread of 
chemically induced oral tumors in the hamster cheek pouch, but perhaps due to the 
labor-intensive procedure that involves surgery for every single mouse, this proce- 
dure has not been extensively used and alternative approaches were sought. 

Attempting to develop new strategies to increase the malignant potential of oral 
squamous cell carcinomas that develop in experimental models, several laborato- 
ries found that scratching the surface of the hamster tongue epithelium prior to the 
application of DMBA increased the tumor incidence, accelerated squamous cell 
carcinoma formation and resulted in low incidence on regional lymph node metas- 
tasis (Fujita et al. 1973; Take et al. 1999). While it is possible that the increased 
metastatic potential observed in the oral squamous cell carcinomas that developed 
in these animals reflects advanced stages of malignant progression of the primary 
squamous cell carcinomas generated by this protocol, it is also conceivable that the 
mechanical trauma induced prior to the application of the carcinogen facilitates 
dissemination of malignant cells as indicated above. 

The limitations of the hamster cheek pouch model including the lack of hamster 
specific antibodies and other reagents as well as the lack of an anatomical structure 
similar to the cheek pouch in humans then led to search for alternative animal models 
for oral cancer. These included testing new chemical carcinogenesis protocols in 
murine models, and in this regard, it was discovered that painting the oral cavity with 
4-Nitroquinoline- 1 -oxide (4NQO), a water soluble carcinogen, induced oral 
squamous cell carcinomas in both mice and rats (Fujino et al. 1965; Wallenius and 
Lekholm 1973). Administration of 4NQO to the oral epithelium of rats and mice 
results in a step-wise mechanism of tumor induction that, similar to DMBA-induced 
oral cancers in the hamster, follows a histologic progression model with many 
similarities to the human disease (Hawkins et al. 1994; Kanojia and Vaidya 2006). 
The observation that 4NQO administered in the drinking water also induced oral 
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carcinomas in rats and mice expanded the use of this carcinogenesis protocol that 
reduces considerably the animal handling (Ohne et al. 1985; Tang et al. 2004). 
Nevertheless, similar to DMBA-induced oral cancers, the 4NQO-induced oral SCCs 
rarely metastasize, and the model has been primarily used to study early stages of 
oral cancer progression (Silva et al. 2007; Jiang et al. 2007; Vered et al. 2007). 

Human oral cancers carry mutations that result in the activation of oncogenes or 
inactivation of tumor suppressor genes, which may play fundamental roles during 
the carcinogenesis process. Notably, chemically induced oral cancers contain 
alterations similar to those found in human patients, including ras and p53 muta- 
tions or overexpression of the EGFR (Wong 1987; Husain et al. 1989; Gimenez- 
Conti et al. 1992; Yuan et al. 1994; Gimenez-Conti et al. 1996; Chang et al. 2000; 
Muscarella et al. 2001). More complex genetic alterations such as amplification of 
large chromosomal regions have been found in chemically induced mouse oral 
tumors. For instance, mouse oral tumors induced by 4NQO exhibit gains of chro- 
mosome 7F4, which is homologous to human chromosome region 1 lql 3 (Yuan 
et al. 1997), which has been found to be amplified in about 50% of the human head 
and neck squamous cell carcinomas (Williams et al. 1993; Rubin et al. 1995). 
Interestingly, amplification of llql3 in humans is associated with lymph node 
metastasis (Muller et al. 1994) suggesting that overexpression of genes located in 
this chromosomal region may play an important role in malignant progression of 
head and neck cancers (Huang et al. 2006). Comparative analyses of the genomic 
and expression profiles of tumors that develop in mice and humans may help to 
identify changes that play a significant role in malignant progression. 

In summary, the low propensity for metastasis seen in chemically induced oral 
cancer models, has limited the use of these types of models in studying the biology 
of oral cancer metastases. 


Genetically Engineered Mouse Models of Metastasis 

Extensive efforts to manipulate the mouse genome have resulted in the generation 
of transgenic mice in which oncogenes can be introduced in the mouse germline 
and targeted to a subset of tissues using specific promoters. This technology allows 
one to test the tumorigenic potential of oncogenes found in human cancers in the 
mouse (Stewart et al. 1984; Ruther et al. 1987; Andres et al. 1987). In addition, 
technological advances have permitted the introduction of germline deletions in the 
mouse genome to generate knockout mice that carry deletions in genes of choice. 
Notably, several knockout mice documented that inactivation of tumor suppressor 
genes dqn confers cancer susceptibility (Donehower et al. 1992) (Jacks et al. 1992; 
Serrano et al. 1996). Therefore, the generation of transgenic and knockout mice 
offers the possibility of testing the consequences of genetic alterations similar to 
those found in human oral cancers. 

The first transgenic mice for oral cancer were generated by expressing cyclin Dl 
under the control of the Epstein-Barr virus ED-L2 promoter, which is expressed in 
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the tongue, esophagus, and forestomach. These mice developed dysplasia in the 
oral epithelium and esophagus (Nakagawa et al. 1997). Further inactivation of the 
p53 gene in these mice resulted in invasive oral and esophageal tumors (Opitz et al. 
2002). Similarly, inactivation of p53 accelerated oral carcinogenesis in mice that 
overexpress c-Myc in the stratified epithelia, which develop skin squamous cell 
carcinomas and a variety of oral tumors including ameloblastomas and squamous 
cell carcinomas (Rounbehler et al. 2001). These experiments demonstrated that 
combining genetic alterations in the mouse similar to those found in patients is a 
powerful tool to model oral cancer. However, none of the models described above 
developed regional or distant metastasis, suggesting that additional genetic altera- 
tions are required to induce metastasis. It is also possible that, since p53-null mice 
die from lymphomas and sarcomas within 6-12 months, the short life span of the 
mice did not allow sufficient time for the metastasis to develop. 

To overcome these limitations, administration of chemical carcinogens to the 
buccal epithelium of genetically mice may be used to accelerate oral cancer forma- 
tion before other malignancies appear. Several mouse strains deficient in genes 
involved in DNA repair, genomic instability, and apoptosis have been subjected to 
chemical carcinogenesis protocols. For instance, inactivation of the xeroderma 
pigmentosum A (XPA) gene resulted in increased susceptibility to 4NQO-induced 
oral cancer formation (Ide et al. 2001), and further deletion of one copy of the p53 
gene further accelerated oral carcinogenesis (Ide et al. 2003). Unfortunately, XPA- 
/-p53-/- mice died from lymphomas and sarcomas within 13 weeks, before the 
oral tumors progress to metastatic carcinomas. Nevertheless, these observations 
supported an important role for p53 mutations in oral carcinogenesis, confirming 
the observations outlined above. 

It is worth noting that most p53 mutations found in human tumors are missense 
mutations that results in the change of a single amino acid, rather than gene dele- 
tions. Some of these mutations may confer dominant negative effects by allowing 
mutant p53 to bind and inactivate wild type p53. In addition, certain p53 mutants 
may acquire novel gain of function properties including the potential to induce 
oncogenic effects (Olive et al. 2004; Lang et al. 2004; Caulin et al. 2007). 
Interestingly, transgenic mice generated with a genomic BAC clone containing 
the p53 gene modified to express a p53 A135V mutation, were highly susceptible 
to 4NQO-induced oral carcinogenesis with nodal invasion (Zhang et al. 2006). 
Although it was unclear from this study the penetrance of the regional metastatic 
phenotype, this report suggests that p53 mutants may be involved in local metastasis. 
It will be interesting to dissect the contribution of the dominant negative effects and 
potential gain of function properties of this mutant p53 in the metastatic phenotype 
observed in these mice. 

Recent evidence suggest that human papillomavirus (HPV) is involved in the 
pathogenesis of certain head and neck cancers, including oral cancers (McKaig 
et al. 1998; Gillison et al. 2000). To determine the role in oral carcinogenesis of E6 
and E7, the genes considered responsible for the oncogenic properties of HPV, 
transgenic mice expressing E6 and E7 under the control of the K14 promoter have 
been generated. These mice develop oral and esophageal papillomas and squamous 
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cell carcinomas with complete penetrance after treatment with 4NQO (Strati et al. 
2006). In addition, one of these mice developed metastasis to the liver. It is well 
documented that E6 and E7 can bind to and inactivate p53 and pRb, suggesting that 
pathways modulated by these tumor suppressor genes may be involved in oral can- 
cer metastasis. 

As indicated above, 4NQO is an excellent carcinogen to study early stages of 
oral cancer progression, but alternative carcinogenesis protocols were needed to 
induce metastasis of oral cancers in mice with high penetrance. Recently, it was 
shown that repeated applications of DMBA to the mouse oral epithelium induced 
oral squamous cell carcinomas that metastasized to the cervical lymph nodes 13 
weeks after tumor onset with complete penetrance (Ku et al. 2007). These authors 
demonstrated that inactivation of one copy of the p53 gene accelerated DMBA- 
induced oral tumor initiation but did not have a significant effect in malignant 
progression and metastasis. However, the p53 gene was not detected in the majority 
of the metastasis that developed in p53 wild-type or p53+/- mice, suggesting that 
while p53 is haplosufficient in preventing local metastasis in this model, complete 
loss of p53 may facilitate metastatic spread of oral cancer cells (Ku et al. 2007). 
Interestingly, the expression profiles of the metastases that develop in p53 wild-type 
mice differed from those of the metastases developed in the p53 heterozygous mice, 
suggesting that different pathways determined the metastatic phenotype in these 
mice. The contribution of these pathways to the metastatic process associated with 
oral cancer needs further investigation, keeping in mind that the use of a chemical 
carcinogen such as DMBA, in addition to ras mutations may induce an array of 
unidentified genetic alterations, that may complicate this analysis. 

Continuous efforts to improve animal models for oral cancer have focused on 
overcoming the major limitations of the models described above, i.e., the premature 
death of animals in which mutations are induced in multiple tissues or the entire 
animal and avoiding the use of chemical carcinogens to prevent the widespread 
activation of mutations. To circumvent these problems, an inducible system was 
developed that allows focal activation of endogenous mutations in the oral epithe- 
lium of adult mice (Caulin et al. 2004). This system is based on the generation of 
transgenic mice that express an inducible Cre recombinase in stratified epithelia 
such as the oral epithelium. Cre is a viral protein that induces deletion of DNA 
sequences that are flanked by loxP sites, which are 34 base pair (bp) sequences that 
consists of two 13 bp inverted repeats separated by an 8 bp sequence. To allow 
inducible activation, Cre is fused to a mutant progesterone receptor (PR) that fails 
to bind progesterone but binds progesterone antagonists, such as RU486 (Kellendonk 
et al. 1996). This fusion protein (Cre*PRl) is sequestered in the cytoplasm, and 
therefore inactive, until binding of RU486 induces translocation to the nucleus where 
it can mediate the excision of loxP-flanked sequences (Fig. 7.3a). Two lines of mice 
are required in this system: mice that express Cre*PRl under the control of the 
Keratin 5 (K5) promoter, and mice in which the target gene has been modified by the 
insertion of loxP sites. After these two mouse lines are mated to generate mice that 
carry the K5-Cre*PRl transgene and the loxP-modified target, focal gene deletion can 
be induced by application of the inducer RU486 in the oral cavity of bigenic mice. 
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Fig. 7.3 Inducible activation of conditional alleles in the oral cavity, (a) Schematic representation 
of the inducible system for the selective expression of oncogenes in the oral epithelia. Bigenic 
mice were generated by crossing two different mouse lines. The first line harbors the target gene 
with a stop cassette flanked by loxP sites ("floxed"), whose presence blocks the expression of the gene. 
In this example the target gene is the ROSA26 reporter gene, in which p-galactosidase expression 
is prevented by the floxed stop cassette. In the second line, an inducible Cre transgene (Cre*PRl) 
is expressed under the transcriptional control of the K5 promoter, which drives the transgene 
expression into the basal layers of the stratified epithelia, where the regenerating stem cells are 
located. Upon RU486 binding, Cre translocates to the nucleus, where it excises the floxed stop 
cassette, thereby allowing expression of the target gene, (b) P-galactosidase activity in the oral 
mucosa of a bigenic mouse after activation with RU486. Note the presence of blue-stained cells 
in cell units through all the differentiating layers of the oral epithelium, suggesting that activation 
occurs in sporadic stems cells that regenerate the epithelium 


Similarly, a target gene can be modified to carry an oncogenic mutation and a stop 
cassette that prevents the expression of the mutant allele. After Cre activation, the 
stop cassette is excised and the mutant allele is expressed. Therefore, this system 
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allows activation of endogenous oncogenes and inactivation of tumor suppressor 
genes. The K5 promoter targets Cre*PRl expression to the basal layer of the oral 
epithelium, where the stem cells that regenerate the epithelium are located (Fig. 7.3b). 
Therefore, once an RU486-induced mutation is activated in a stem cell in the oral 
epithelium, the mutation persists for the remainder of the life of the mouse (Caulin 
et al. 2004). Thus, this method of introducing mutations/deletions closely mimics 
the sporadic occurrence of somatic mutations that occurs in human cancers. 

To determine whether endogenous activation of oncogenic ras can initiate oral 
tumor formation, the K5.Cre*PRlmice were crossed with LSL-Kras G12D mice, 
which carry the oncogenic G12D mutation in the K-ras gene and a stop cassette that 
prevents the expression of the mutant allele. These mice developed oral tumors 
16-20 weeks after the K-ras G12D mutation was activated by topical application of 
RU486 in the oral epithelium (Fig. 7.4). The tumors that developed in these mice 
were benign papillomas that exhibited pathological and molecular features that 
resembled those found in human patients (Caulin et al. 2004). Notably, mice that 
were not treated with RU486 did not develop tumors, thereby confirming that in 
this model mutations are only activated after induction with RU486. Therefore, this 
model is ideal for generating mice that accumulate different genetic alterations fol- 
lowing activation of Cre*PRl. Indeed, using this inducible system it was shown 
that deletion of the transforming growth factor-P receptor type II (TGF-PRII) in the 
oral epithelium in combination with ras mutations results in squamous cell carci- 
noma formation with complete penetrance (Lu et al. 2006). In addition, over 30% 
of the mice developed local lymph nodes metastasis. These experiments and the 
role of TGF-P signaling in oral cancer metastasis are discussed in more detail in 
Chap. 8 of this book. 

In summary, these observations document that activating in the mouse oral epi- 
thelium mutations similar to those found in human oral cancers is a powerful tool 
to model oral cancer with metastatic potential. The generation of new mouse mod- 



Fig. 7.4 Oral tumor formation induced by activation of endogenous oncogenic K-ras. (a) Gross 
appearance of tumors that developed in the oral cavity of bigenic K5.Cre*PRl/LSL-Kras G12D mice 
after activation with RU486. (b) Hematoxylin- eosin staining showing the histology of the oral 
tumors that developed in these mice 
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els in which additional mutations are activated will help to dissect molecular 
mechanisms involved in oral cancer progression and metastasis. In addition, these 
mouse models may be used to identify novel genetic alterations that contribute to 
oral cancer metastasis and ultimately for testing therapeutic strategies. 


Challenges to the Study of Oral Cancer Metastases 
and Remaining Questions 

The animal models described in previous sections of this chapter document that 
tumors that develop in the oral epithelium in response to oncogenic mutations and/ 
or mutations that result in inactivation of tumor suppressor genes arise with higher 
latency than other common cancers. These observations strongly support the devel- 
opment of experimental systems that allow activation of mutations exclusively in 
the oral epithelium to generate models that permit full progression of the oral 
tumors. Inducible systems have already been used to activate endogenous muta- 
tions in oral tissues, and models developed to test the consequences of activating 
different combinations of genetic alteration are expected in the future. While it is 
possible that co-activation of few mutations may result in metastatic oral cancer 
formation, as illustrated above for cooperative ras and TGF-PRII mutations in local 
metastasis formation, it is also possible that other genetic alterations frequently found 
in human oral cancers contribute to metastasis only in the presence of a more complex 
pattern of mutations. Therefore, to fully understand the genetic requirements for oral 
cancer metastasis, a system that allows efficient activation of multiple mutations 
may be needed. The inducible system described above permits the activation of 
up to 4-5 mutations in a single mouse, thereby allowing the testing of multiple 
combinations of genetic alterations. The complexity of the breeding programs 
required to activate additional mutations would make this system unpractical in 
case additional mutations are desired to be tested. This may be particularly relevant 
for testing the role of cancer modifier genes, which may have small but cumulative 
effects during carcinogenesis. Testing the cooperative effects of these genes, or the 
pathways they regulate, during cancer progression will require a system that allows 
rapid and efficient activation of multiple mutations in oral epithelia. 

Along these lines, it is worth noting that cancers that develop in the oral cavity 
exhibit molecular signatures consistent with the alteration of complex combina- 
tions of signaling pathways (Chung et al. 2004; Roepman et al. 2005). These 
analyses strongly suggest that oral cancer formation and malignant progression 
results from cooperation of multiple signaling pathways, which may determine the 
pathogenesis of the tumors, including the potential to metastasize. Therefore, 
modeling malignant progression of oral cancers will require a better understanding 
of the cooperative contribution of genetic alterations and pathways altered during 
the carcinogenesis process. These considerations imply that no single mouse model 
can recapitulate all the molecular and biological events involved in oral cancer 
metastasis. However, animal models in which specific combinations of mutations 
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are activated in oral tissues will help to delineate the cooperative contributions of 
genetic alterations. 

Comparative expression profiling of primary oral tumors and metastasis showed 
that molecular signatures associated with metastasis are present in the correspond- 
ing primary tumors, indicating that the metastatic potential is acquired early during 
tumor progression (O'Donnell et al. 2005; Roepman et al. 2006). However, only a 
small percentage of the cells in the primary tumors metastasize, suggesting that 
discrete changes critical to confer metastatic potential only occur in a subset of cells 
in the tumor. These genetic or epigenetic changes may vary in the context of differ- 
ent molecular signatures. Alternatively, it is possible that the microenvironment in 
the primary tumor limits the spreading of cells with full potential to metastasize, 
and changes in the cellular interactions in the primary tumor may allow the 
dissemination of metastatic cells. 

Importantly, mouse models allow analysis of expression and genomic profiles 
of tumors at different stages of progression. Detailed characterization of molecular 
signatures of tumors representing different stages of tumor progression may help 
to identify genes or pathways involved in oral cancer metastasis. Similarly, bio- 
logical processes such as cellular, invasion, evasion of apoptosis, intravasation, 
migration to distant organs, extravasation and colonization of the distant organ can 
be monitored in real time in tumors that develop in the mouse. The ability to incor- 
porate molecular markers in transgenic and knockout vectors allows monitoring 
tumors cells as they leave the primary tumor and travel through the circulation to 
local or distant organs. Visualization of tumors cells is critical to understand 
molecular and biological processes involved in the metastatic process, especially 
to address the significance of the cellular interactions between the tumor cells and 
the surrounding stroma in the tumor and between tumor cells and host cells in the 
tissues that they colonize. 
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Chapter 8 

TGFP Signaling in Head and Neck Cancer 
Development and Metastases 

Stephen P. Malkoski, Jessyka G. Lighthall, and Xiao-Jing Wang 


Abstract Transforming growth factor beta (TGFP) signaling impacts the HSNCC 
development and metastases by affecting many critical processes including cell growth, 
proliferation, apoptosis, epithelial-to-mesenchymal transition, invasion, angiogenesis, 
and immune surveillance. Typically, TGFP functions as a tumor suppressor in 
epithelial cells by inhibiting cell growth, promoting apoptosis, stimulating epithelial 
differentiation, enhancing genetic stability, and promoting cellular senescence, hence, 
reduced expression of TGFP signaling components is observed in many malignancies, 
including HNSCC Through a combination of genetic and epigenetic changes, TGFP 
type II receptor expression is frequently reduced in HNSCC and is reduced TGFpRII 
expression is associated with more aggressive tumor behavior. Similarly, Smad4 
expression is also commonly reduced in HNSCC and is associated with increased 
genomic instability. Tumor epithelial cells with TGFP signaling defects increase 
TGFP 1 ligand production, which paradoxically promotes tumor growth and metastases 
by activating tumor-associated fibroblasts, increasing matrix degradation and angio- 
genesis, suppressing immune surveillance, and inducing inflammation; accordingly 
elevated local TGFbl expression correlates with numerous negative clinical parameters. 
Given its broad role in tumor development and progression, TGFP signaling remains 
an attractive therapeutic target, though the multifaceted roles of TGFP in normal tissue 
homeostasis and the biphasic role of TGFP in tumor development and progression 
have complicated attempts to modulate TGFP signaling in the clinical setting. 

With >45,000 new cases and >1 1,000 deaths per year, head and neck squamous cell 
carcinoma (HNSCC) is the sixth most common cancer diagnosis and the fifth most 
common cause of cancer mortality in the United States (Hayat et al. 2007; Jemal 
et al. 2007). Despite advances in surgical technique, radiation therapy, and chemo- 
therapy, there has been minimal improvement in the 5-year survival of HNSCC 
patients over the past 30 years (Jemal et al. 2007). The bulk of HNSCC morbidity 
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and mortality is related to regional tumor extension and metastases (Garavello et al. 
2006). Approximately 10% of HNSCC patients have metastases at presentation, 
and as many as 23% develop metastases during the course of their disease (Alvi and 
Johnson 1997; Beer et al. 2000). Failure of local tumor control is strongly associated 
with subsequent development of metastases (Garavello et al. 2006). 

HNSCC development, progression, and metastasis involve the accumulation of 
genetic mutations and epigenetic changes in the multiple pathways regulating cell 
growth, proliferation, and death (Hanahan and Weinberg 2000). Initiating mutations 
occur early in tumorigenesis and allow epithelial cells to escape growth arrest and 
develop a clonal population of abnormally proliferating cells. With additional muta- 
tions, these hyperproliferative cells develop a more malignant phenotype by escaping 
apoptosis, undergoing epithelial-to-mesenchymal transition (EMT), and invading 
through the basement membrane (Hanahan and Weinberg 2000). To metastasize, 
malignant cells must further acquire the ability to dissolve adherens junctions, acti- 
vate matrix metalloproteinases (MMPs), promote angiogenesis, and evade immune 
surveillance (Hanahan and Weinberg 2000). Transforming growth factor beta (TGFP) 
signaling impacts HSNCC development and metastases by affecting virtually all of 
the aforementioned biological processes. 


TGFp Signaling 

The TGFp super-family includes TGFp, the bone morphogenic proteins (BMP), and 
the activins/inhibins (Shi and Massague 2003). These multifunctional cytokines 
regulate cell growth, differentiation, apoptosis, migration, inflammation, and angio- 
genesis in a tissue- and cell-context-dependent manner (Massague and Gomis 2006). 
To date, more than 300 transcriptional targets of the TGFp super-family have been 
identified, and the list of TGFp target genes is continuously increasing (Massague 
and Gomis 2006). During embryonic development, TGFp is a key regulator of 
growth, vasculogenesis, and angiogenesis (Moustakas and Heldin 2007; Sporn and 
Roberts 1992). In adults, TGFp mediates tissue homeostasis in epithelial tissues, 
endothelial cells, immune cells, and fibroblasts (Siegel and Massague 2003). 

The three TGFp ligand isoforms (TGFpi, TGFP2, and TGFP3) are 70-80% 
homologous and have similar biological activities (Derynck et al. 1988). TGFp 
ligands are secreted as inactive precursors that are proteolytically activated by 
extracellular metalloproteinases or membrane bound integrins (Munger et al. 1999; 
Yu and Stamenkovic 2000). Activated TGFp binds a transmembrane receptor com- 
plex with intrinsic serine/threonine kinase activity (Shi and Massague 2003). There 
are three types of TGFp receptors: TGFp receptor type I (TGFpRI; also known as 
activin-like kinase [ALK] receptors), TGFp receptor type II (TGFpRII), and TGFp 
receptor type III (TGFpRIII, also known as betaglycan). While seven ALK iso- 
forms and five type II receptor isoforms have been identified, TGFp signals mainly 
through receptor complexes composed of ALK5 and TGFpRII (Feng and Derynck 
2005; Shi and Massague 2003), though ALK 1 -TGFpRII complexes also mediate 
TGFP signaling in endothelial cells (ten Dijke and Hill 2004). TGFpRIII binds 
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TGFp with high affinity, effectively increasing TGFp concentration at the cell 
surface and facilitating interactions with membrane-bound TGFpRI and TGFpRII 
(Lopez-Casillas et al. 1993). 

TGFpRI and TGFpRII form homodimers in the endoplasmic reticulum, cytoplasm, 
and cell membrane that transduce a basal level of TGFp signaling in the absence of 
ligand binding (Feng and Derynck 1996). TGFp binding stimulates TGFpRII autophos- 
phorlyation, which causes binding and transphosphorylafion of TGFpRI (Feng and 
Derynck 2005). Activated TGFpRI then phosphorylates Smad family members, the 
predominant intracellular mediators of TGFp signaling (Bierie and Moses 2006; 
Derynck and Zhang 2003) (Fig. 8.1). When TGFpRII interacts with ALK5, signaling is 
mediated through Smad2 and Smad3 (Derynck and Zhang 2003); when TGFpRII inter- 
acts with ALK1 Smadl, Smad5, and Smad8 are activated (Derynck and Zhang 2003). 

The eight mammalian Smad isoforms are divided into three groups (ten Dijke 
and Hill 2004). TGFp signaling is usually mediated by receptor-associated Smads 
(R-Smads), Smad2 and Smad3, whereas BMP signaling is typically mediated by 
R-Smads, Smadl, Smad5, and Smad8 (Massague 2000). Smad6 and Smad7 are 
inhibitory Smads (I-Smads) that block phosphorylation of R-Smads or increase 



mediated gene expression 

Fig. 8.1 TGFp signaling. After activation by extracellular metalloprotinases or intergrins, TGFp 
binds the TGFp receptor complex, which then phosphorylates the R-Smads (Smad2 and Smad3). 
Phosphorylated R-Smads dimerize with Smad4, translocate into the nucleus, and modulate tran- 
scription via Smad binding elements (SBEs). TGFP-Smad signaling can be negatively regulated 
by Smurfs, I-Smads (Smad6 and Smad7) and by Sno/Ski protooncogenes 
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TGFp receptor degradation (Massague 2000). Smad4 is a coactivator that complexes 
with all R-Smads (Shi and Massague 2003). Phosphorylated R-Smads bind Smad4, 
translocate into the nucleus, and modulate gene transcription though Smad binding 
elements (SBEs) in the promoters of TGFp responsive genes (Shi and Massague 
2003). TGFP effects at any particular SBE depend on the cellular context and the 
specific composition of Smad heterotrimers (ten Dijke and Hill 2004). TGFp sig- 
naling can be negative regulated by Smad ubiquitination regularity factors (Smurfs) 
that increase proteosomal degradation of TGFb receptors and Smads (ten Dijke and 
Hill 2004), and by Ski family protooncogenes, such as c-Ski and SnoN, that directly 
interact with R-Smads and Smad4 (ten Dijke et al. 2002). 


The Tumor Suppressive Role of TGF0 Signaling in Epithelia 

TGFp functions as a tumor suppressor in epithelial cells by a variety of mechanisms 
that include inhibiting cell growth, promoting apoptosis, stimulating epithelial dif- 
ferentiation, enhancing genetic stability, and promoting cellular senescence (Pardali 
et al. 2005; Ten Dijke et al. 2002). TGFp causes cell cycle arrest by inducing expres- 
sion of the cyclin-dependent kinase (CDK) inhibitors pl5 and p21 (Massague and 
Wotton 2000) and by inhibiting transcription of the proto-oncogene c-myc (Chen 
et al. 2001a). Depending on the cellular context, TGFp signaling can induce apop- 
tosis and epithelial differentiation through Smad-dependent and Smad-independent 
mechanisms (Klopcic et al. 2007; Perlman et al. 2001; Rodius et al. 2007; 
Yanagisawa et al. 1998). TGFP is induced after radiation-induced DNA damage 
(Ewan et al. 2002), and defective TGFP signaling in keratinocytes causes the accu- 
mulation of chromosomal defects prior to malignant transformation (Glick et al. 
1999). In sum, these studies are consistent with the function of TGFp as an epithe- 
lial tumor suppressor; accordingly, a reduced expression of the TGFp signaling 
components is frequently observed in many malignancies, including HNSCC (Levy 
and Hill 2006). 


Role of TGFp Receptors in HNSCC 

Alterations in TGFp receptor expression have been reported in a variety of malignan- 
cies, including HNSCC (Muro-Cacho et al. 1999; Wang et al. 1997). Though TGFpRI 
mutations are reported in 19% of HNSCC metastases (Chen et al. 2001b), and reduced 
TGFpRI immunostaining correlates with increased depth of invasion and increased 
metastases in esophageal squamous cell carcinoma (SCC) (Fukai et al. 2003), associa- 
tions between TGFpRI defects and HNSCC clinical parameters have not been exam- 
ined. In comparison, TGFpRII loss can be identified by array comparative genomic 
hybridization in 40-50% of oral squamous cell carcinoma (SCC) (Snijders et al. 2005; 
Sparano et al. 2006), and TGFpRII mutations have been identified in 21% of HNSCC 
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(Wang et al. 1997). In addition, promoter hypermethylation and promoter mutations 
can reduce TGFpRII expression in HNSCC cell lines (Garrigue-Antar et al. 1995; 
Worsham et al. 2006). Through a combination of genetic and epigenetic changes, 
TGFpRII expression is reduced in as many as 70% of HNSCCs (Lu et al. 2006). 

Although reduced TGFpRII expression is associated with reduced tumor dif- 
ferentiation and a more aggressive tumor behavior in HNSCC (Fukai et al. 2003; 
Muro-Cacho et al. 1999), TGFpRII is not reduced in nonmalignant mucosa adja- 
cent to HNSCC (Lu et al. 2006), raising the question of whether TGFpRII loss is a 
cause or a consequence of HNSCC development. To address this issue, we devel- 
oped inducible, head and neck-specific, knockout systems and found that TGFpRII 
deletion in head and neck epithelium does not cause spontaneous HNSCC in mice, 
which implies that TGFpRII loss cannot initiate HNSCC formation (Lu et al. 
2006). However, with the addition of an activating K-ras or H-ras mutation, head 
and neck TGFpRII deletion resulted in HSNCC formation and metastasis, suggest- 
ing that TGFpRII loss promotes the malignant progression of initiated tumor cells 
(Fig. 8.2, Lu et al. 2006). These tumors not only have a reduced expression of pl5 
and p21 and an increased expression of c-myc as would be expected from TGFp 
signaling disruption, but also an increased cyclin Dl expression, epidermal growth 
factor receptor (EGFR) expression, and Stat3 activation, all of which are common 
in human HNSCC (Lu et al. 2006). The tumors also appear pathologically similar 
to human HNSCC and frequently metastasize to cervical lymph nodes; hence, this 
represents the first genetically engineered, full penetrance HSNCC mouse model 
with clinical, pathological, and molecular similarities to human HNSCC (Lu et al. 
2006). Another report shows that malignant oral keratinocytes expressing a domi- 
nant negative TGFpRII demonstrate increased metastatic potential when injected 
into the floor of the mouth of athymic mice (Huntley et al. 2004). Taken together, 
these results show that TGFpRII appears to function as a tumor suppressor in 
HNSCC and that TGFpRII loss promotes tumor growth, malignant conversion, and 
metastases in HNSCC. 


Role of Smads in HNSCC 

Alterations in Smad expression and function can also disrupt TGFp signaling and 
facilitate escape from TGFP-mediated growth arrest and apoptosis (Riggins et al. 
1997). Genetic mutation of the common Smad, Smad4, occurs frequently in pancre- 
atic and colon cancer and is associated with both increased nodal involvement and 
metastases (Levy and Hill 2006). While genetic mutation of Smad4 occurs infre- 
quently in HNSCC (Qiu et al. 2007), loss of heterozygocity (LOH) at the Smad4 
locus is observed in both human HNSCC (Kim et al. 1996; Papadimitrakopoulou 
et al. 1998) and HNSCC cell lines Takebayashi et al. 2000, (2004). Accordingly, we 
found that approximately 70% of HNSCCs also demonstrate a reduced Smad4 
mRNA expression (unpublished data). Loss of Smad4 protein by immunostaining 
has been reported in 20-50% of HNSCCs (Iamaroon et al. 2006; Muro-Cacho et al. 
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Fig. 8.2 Genetically engineered mouse model with full penetrance of HNSCC (modified from Lu 
et al. (2006) with permission of CSHL press). Gross appearance of HNSCC arising from the buc- 
cal mucosa (a), tongue (b), lower esophagus (c) in mice with TGF(3R1I deletion and Ras activation 
in the head and neck epithelium. Ras activation was produced by knock-in of oncogenic K-ras G12D 
mutation (a) or by treatment with 7, 12-dimethylbenz (a) anthracene (DMBA). which causes 
activating Ha-ras mutations (b and c). A jugular lymph node metastasis from a DMBA-treated 
mouse with head and neck epithelial TGF|3R1I deletion (d). Buccal dysplasia (e), tongue SCC 
(panel f), and buccal SCC (panel g) in an animal with head and neck epithelial TGFpRIl deletion 
and a K-ras G12D mutation and a lymph note metastasis (h) of the oral tumor developed from the 
above mice 
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2001; Xie et al. 2003) and is probably the result of LOH, but may also be mediated 
by increased activity of Smad ubiquitin-E3 ligases (ten Dijke and Hill 2004). While 
associations between Smad4 loss and clinical outcomes in HNSCC have not been 
evaluated, Smad4 loss is correlated with increased tumor invasion and more frequent 
nodal metastases in esophageal SCC (Fukuchi et al. 2002b; Natsugoe et al. 2002). 

Studies from animal models support the role of Smad4 as a tumor suppressor in 
HNSCC and highlight differences in the way TGFp signaling defects promote 
HNSCC. Whereas TGFpRII deletion in the oral epithelium does not cause HSNCC 
formation in the absence of an initiating event (Lu et al. 2006), Smad4 deletion in 
the oral epithelium results in the development of HNSCC with metastases (our 
unpublished data). This is the first example of HNSCC development caused by a 
single gene deletion and suggests that Smad4 is a more potent tumor suppressor than 
TGFpRII, perhaps because it transduces signals from both TGFp and BMP path- 
ways. Further analysis revealed that these tumors have an increased chromosomal 
instability, which also likely contributes to both HNSCC formation and progression. 
These observations are consistent with the role of Smad4 in other epithelial layers, 
as conditional deletion of Smad4 in the epidermis or mammary gland also causes 
spontaneous SCC development (Qiao et al. 2006; Yang et al. 2005). 

Data regarding the role of Smad2 are more limited. Loss of Smad2 protein is 
reported in 15-40% of HNSCC and is associated with a worse prognosis (Muro- 
Cacho et al. 2001; Xie et al. 2003). In esophageal SCC, reduced phospho-Smad2 
(activated Smad2) is correlated with increased pathologic stage, increased lymph 
node involvement, more frequent distant metastasis, and decreased patient survival. 
However, it is unclear if this represents a specific reduction of Smad2 expression or 
a generalized loss of TGFp signaling competency (Fukuchi et al. 2006; Muro- 
Cacho et al. 2001). While mechanisms of Smad2 loss in HNSCC have not been 
evaluated, Smad2 is located close to Smad4 on chromosome 18 and is frequently 
deleted with Smad4 in colon and pancreatic cancers (Jonson et al. 1999). Hence, it 
is possible that HNSCCs also have simultaneous Smad2 and Smad4 deletion. 

To date, no animal models have evaluated the role of Smad2 in HNSCC, 
though some insight can be gleaned from animal models of other epithelial 
malignancies. While epidermal deletion of Smad2 does not cause the develop- 
ment of spontaneous skin SCC, it does increase susceptibility to chemical skin 
carcinogenesis (our unpublished data). Interestingly, skin SCCs arising in this 
background are more poorly differentiated and undergo earlier EMT than chemi- 
cally induced skin SCC in wild-type mice, suggesting a specific role for Smad2 
in mediating EMT and tumor dedifferentiation. It remains to be seen whether 
deletion of Smad2 in oral epithelium causes either spontaneous HNSCC or an 
increased susceptibility to oral carcinogens. 

In contrast to Smad2 and Smad4, the studies do not support a role of Smad3 as 
a tumor suppressor in HNSCC. While Smad2 and Smad4 expression are frequently 
reduced in human HNSCC, Smad3 is generally retained in HNSCC, skin SCC, and 
lung SCC (unpublished data), and germline Smad3 deletion confers resistance to 
chemical skin carcinogenesis in a gene-dosage dependent manner (Li et al. 2004a; 
Tannehill-Gregg et al. 2004). Smad3 knockout mice exhibit reduced numbers of 


170 


S.P. Malkoski et al. 


tumor-associated macrophages and also have reduced keratinocyte hyperproliferation 
as a result of reduced API family member expression (Li et al. 2004a). In addition, 
Smad3 transcriptionally upregulates Glil, a sonic hedgehog signaling component 
often activated in cancer (Dennler et al. 2007). Given that mice expressing a 
dominant negative TGFpRII exclusively in T cells are protected against tumors 
induced by injection of melanoma cells (Gorelik and Flavell 2001), it is possible 
that impaired TGFp signaling in immunocytes contributes to the resistance to 
chemical skin carcinogenesis seen with germline Smad3 deletion. These observa- 
tions highlight the tissue and tumor- specificity of both TGFp signaling and TGFp 
signaling defects. 


Role of TGFp Signaling Inhibitors in HNSCC 

An increased expression of molecules that block TGFp signaling can also promote 
tumor growth and development. Smad7 blocks Smad2 phosphorylation (Nakao et al. 
1997) and targets TGFpRI and Smad2 for proteosomal degradation mediated by 
Smurfl and Smurf2 (Ebisawa et al. 2001; Kavsak et al. 2000; Zhang et al. 2001), while 
c-Ski and SnoN negatively regulate Smad2, Smad3, and Smad4 (He et al. 2003). 
Increased expression of Smad7, Smurf2, and c-Ski in esophageal SCC has been asso- 
ciated with increased depth of tumor invasion, increased nodal involvement, and 
shorter survival (Fukuchi et al. 2002a, 2004b; Osawa et al. 2004). Smad7 overexpres- 
sion has been observed in HNSCC cell lines (Pring et al. 2006), and we have observed 
Smad7 overexpression in human HNSCC tumor samples (unpublished data). However, 
the precise role of Smad7 in HNSCC is unknown. Smad7 overexpression in vivo 
causes epithelial hyperproliferation and decreased apoptosis (Han et al. 2006; He et al. 
2002), and Smad7 overexpression in keratinocytes causes conversion of Ha-ras initi- 
ated papillomas to SCC in a skin graft model (Liu et al. 2003). These studies point to 
an oncogenic effect of Smad7. On the other hand, Smad7 overexpression directly 
inhibits Wnt/p-catenin signaling independent of TGFp receptor and R-Smad degrada- 
tion (Han et al. 2006), and Smad7 also has potent anti-inflammatory properties through 
blockade of tumor necrosis factor-a (TNFa) signaling (Hong et al. 2007). Given the 
importance of chronic inflammation in cancer progression and metastasis, and the 
potent oncogenic role of Wnt/p-catenin signaling, the net effect of Smad7 on HNSCC 
development and progression remains to be determined. 


Tumor Promoting Role of the TGFpl Ligand in HNSCC 

As described above, TGFp signaling has a tumor-suppressive effect. However, 
TGFpi is often overexpressed in cancer (Bierie and Moses 2006). During early 
stage carcinogenesis TGFp is tumor suppressive (Cui et al. 1996; Weeks et al. 
2001). However, in response to defective TGFp signaling, tumor epithelial cells 
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increase TGFpi production, which can paradoxically promote tumor growth and 
metastases via its paracrine effects on tumor stroma (Bierie and Moses 2006). 
An elevated local TGFpi expression correlates with increased nodal involvement, 
more advanced disease at presentation, and reduced survival (Levy and Hill 2006; 
Lu et al. 2004). Elevated local TGFpi can frequently be detected in normal tissue 
adjacent to HNSCC, suggesting that TGFpi overexpression occurs at the early 
stage of HNSCC development (Lu et al. 2004). 

Chemical skin carcinogenesis models illustrate the stage-dependent tumor pro- 
moting actions of TGFp (Cui et al. 1996; Han et al. 2005; Weeks et al. 2001). While 
constitutive epidermal TGFpi expression reduces the formation of benign papillo- 
mas during early disease, TGFpi promotes malignant conversion of papillomas to 
highly dysplastic spindle cell carcinomas (Cui et al. 1996). Similarly, when TGFpi 
expression is induced in benign papillomas, it increases malignant conversion and 
metastases (Weeks et al. 2001). Local TGFpi overexpression plays a critical tumor 
promoting role in the setting of TGFpRII deletion: When forced TGFpi overexpres- 
sion is coupled with the expression of a dominant negative TGFpRII, metastases 
increase two-fold in a skin chemical carcinogenesis model (Han et al. 2005). 


Mechanisms of TGF|3l-Mediated Tumor Promotion 

TGFpi produced by tumor epithelial cells promotes tumor growth and metastases 
through a variety of mechanisms that include promoting tumor epithelial cells to 
develop a more fibroblastoid and migratory phenotype, activating tumor-associated 
fibroblasts, increasing matrix degradation and angiogenesis, suppressing immune 
surveillance, and inducing inflammation (Bierie and Moses 2006). 

TGFp 1 stimulates a variety of epithelial cells to assume a mesenchymal phenotype 
characterized by loss of E-cadherin, upregulation of mesenchymal markers, fibroblas- 
toid morphology, and increased motility (Grunert et al. 2003). This appears to require 
interactions between TGFp signaling and the components of other signaling path- 
ways including the Ras/Raf and Rho/Rac pathways (Han et al. 2005; Zavadil and 
Bottinger 2005). Earlier studies suggested that TGFp 1 -mediated EMT in H-ras trans- 
formed mammary epithelial cells (Oft et al. 1996). Similarly, K-ras or H-ras initiated 
epithelial cells stimulated by TGFp demonstrate an increased invasive potential, par- 
ticularly at the leading edge of the tumor (Grunert et al. 2003). However, we observed 
that while TGFpi mediated increased angiogenesis through activation of the mito- 
gen-activated protein kinase (MAPK) pathway, EMT appears to be mediated through 
Smad-dependent activation of the Notch pathway (Han et al. 2005). Further, blocking 
TGFp signaling abrogates TGFp 1 -mediated EMT, but not metastasis, indicating that 
EMT and metastasis can be uncoupled (Han et al. 2005). These observations help 
explain how TGFpi promotes malignant conversion of H-ras initiated papillomas to 
highly dysplastic spindle cell carcinomas in vivo (Cui et al. 1996). 

MMPs secreted from tumor epithelia or stroma cells degradate the basement 
membrane, facilitating migration of tumor cells through the extracellular matrix. 
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TGFpi stimulates the secretion of MMP1, MMP9, and MMP10 in HNSCC cell 
lines (Leivonen et al. 2006; Wilkins-Port and Higgins 2007). In vivo expression of 
TGFpi in chemically induced papillomas or orthotopically transplanted prostate 
cancer cells is associated with an increased elaboration of MMP2 and MMP9 
(Stearns et al. 1999; Weeks et al. 2001), and TGFpi treatment increases MMP 
production and motility in orthotopically transplanted gastric carcinoma cells 
(Wang et al. 2006). In addition, a TGFp signaling disruption in mammary carci- 
noma cells causes recruitment of myeloid cells at the invading tumor edge; these 
cells secrete MMP2, MMP13, and MMP14 and increase the metastatic potential of 
the mammary tumor cells (Yang et al. 2008). Of particular interest, is the fact that 
MMP1 can also activate latent TGFpi (Iida and McCarthy 2007), demonstrating the 
complex paracrine interactions that occur between tumor epithelial cells, fibroblasts, 
and the extracellular matrix to regulate tumor cell migration and invasion. 

TGFp 1 is a key regulator of vascular development and maintenance and stimu- 
lates both vasculogenesis and angiogenesis by increasing the production of angio- 
genic factors such as the vascular endothelial growth factor (VEGF) and the 
hepatocyte growth factor (HGF) and by directly regulating endothelial cells 
(Bertolino et al. 2005). Secreted TGFp 1 into the tumor stroma stimulates endothe- 
lial cell proliferation through ALK1 receptor complexes on endothelial cells and 
Smadl/5/8 signaling (Bertolino et al. 2005). Forced TGFpi overexpression in 
mouse head and neck epithelia induces angiogenesis through a similar mechanism 
(Lu et al. 2004). In addition to directly stimulating endothelial cells, TGFpi treat- 
ment of human lung cancer cells stimulates the production of VEGF (Pertovaara 
et al. 1994), and TGFpi treatment of oral myofibroblasts stimulates the secretion 
of HGF (Lewis et al. 2004), both of which can promote tumor growth as well as 
angiogenesis. In vivo, TGFpi expression in chemically induced papillomas reduces 
the expression of the angiogenic inhibitors thrombospondin 1 and 2 with an asso- 
ciated increase in angiogenesis (Weeks et al. 2001). 

Because TGFpi is overexpressed in pathologically normal appearing mucosa 
adjacent to HNSCC, we developed an inducible transgenic system to examine the 
effect of TGFpi in normal head and neck epithelia (Lu et al. 2004). Surprisingly, 
TGFpi overexpression in head and neck epithelia did not inhibit growth but 
instead induced massive inflammation and angiogenesis with resultant epithelial 
hyperproliferation (Lu et al. 2004). A similar phenotype is also observed when 
TGFpi is overexpressed in the epidermis (Li et al. 2004b). TGFpi overexpression 
causes the infiltration of macrophages, neutrophils, and mast cells, all of which 
secrete numerous inflammatory cytokines, chemokines, and angiogenic factors (Li 
et al. 2004b; Lu et al. 2004). In addition, the proinflammatory Thl7 cells also 
require TGFpi for maturation and activation (Korn et al. 2007; Li et al. 2007). 
However, when the epidermal keratinocytes are separated from the inflammatory 
cells and stromal cells, TGFp 1 -induced growth inhibition is restored (Li et al. 
2004b), suggesting that TGFpi-induced inflammation, angiogenesis, and fibro- 
blast proliferation can completely override the TGFp 1 -dependent growth inhibi- 
tion of epithelial cells. Given the impact of chronic inflammation on cancer 
formation and progression (Balkwill and Coussens 2004; Coussens and Werb 
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2002), it is possible that TGFp 1 -mediated inflammation represents an additional 
mechanism by which TGFpi creates a tumor-promoting microenvironment. 
Interestingly, TGFpi can also be a potent immune suppressor. TGFpi suppresses the 
production of cytotoxic gene products by T cells (Thomas and Massague 2005), 
and blockade of TGFp signaling in T cells improves the immune response to 
tumor cells (Gorelik and Flavell 2001; Zhang et al. 2005), demonstrating that 
despite a robust infiltration of immune cells into a tumor, TGFpi can blunt the 
functional antitumor immune response. 

As mentioned, HNSCCs often demonstrate both an increased TGFpi production 
and a reduced TGFp signaling (Lu et al. 2006). The increased TGFpi production 
may be a result of a negative feedback for reduced functional TGFp signaling in 
tumor epithelia. Indeed, the deletion of either TGFpRII or Smad4 in head and neck 
epithelia causes increased TGFpi mRNA and protein (Lu et al. 2006, and our 
unpublished data). In this situation, not only have tumor epithelial cells lost the 
ability to respond to TGFpi growth inhibition, but the excess TGFpi secreted into 
the tumor stroma creates a tumor-promoting microenvironment through its effects 
on endothelial cells, inflammatory cells, and fibroblasts. Supporting this notion, 
we found increased inflammatory cytokines/chemokines in TGFpRII-deleted head 
and neck mouse tumors, such as interleukin-ip; macrophage inflammatory pro- 
tein-2; and stromal derived factor- 1 and its receptor, CXCR4 (Lu et al. 2006). 
Elevated levels of these molecules are also seen in skin or oral tissue with TGFpi 
transgene expression alone (Li et al. 2004b; Lu et al. 2004). Further, several known 
TGFp target genes that promote tumor invasion, such as connective tissue growth 
factor, a-smooth muscle actin, and tenascin-C, are also elevated in the tumor 
stroma of TGFpRII-deleted head and neck mouse tumors. Taken together, our 
studies suggest that inflammation and the associated increase in inflammatory 
cytokines/chemokines are the result of the increased TGFpi paracrine effect in 
head and neck cancer with TGFpRII loss, which further contributes to the malig- 
nant progression of these tumors. 


Contribution of TGFf$ Signaling in Tumor-Associated Stroma 
to HNSCC 

The understanding of the role that stromal cells play in supporting epithelial 
carcinogenesis continues to evolve, and reports of TGFp signaling defects in 
tumor stromal cells are beginning to emerge. HNSCC tumor-associated fibro- 
blasts demonstrate both increased TGFpi expression (Rosenthal et al. 2004) and 
LOH at the TGFpRII locus (Weber et al. 2007). Reduced TGFpRII expression in 
tumor-associated macrophages has been observed in colon cancer and is associ- 
ated with increased incidence of lymph node metastases (Bacman et al. 2007). 
Most provocatively, TGFpRII deletion specifically in fibroblasts, causes sponta- 
neous forestomach SCC and prostate intraepithelial hyperplasia (Bhowmick et al. 
2004). Further analysis reveals that TGFpRII deletion in fibroblasts increases 
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HGF expression, which activates its receptor, c-Met, in tumor epithelia, resulting, 
at least in part, in promoting tumor invasion and growth (Cheng et al. 2005). 
Similarly, Smad4 deletion, specifically in T lymphocytes, causes a dense inflam- 
matory infiltrate in the gastrointestinal tract stroma with the subsequent develop- 
ment of epithelial cancers, including oral SCC (Kim et al. 2006). In sum, these 
studies directly demonstrate the ability of the stromal cells to regulate tumor forma- 
tion in the adjacent epithelial layers as well as the complex paracrine signaling 
that occurs between the tumor epithelial cells and the infiltrating tumor stroma 
cells within the tumor microenvironment. 


Serum TGF|3l as a Marker of Disease Burden in Cancer 
Patients 

Elevated TGFpi can also be detected in the serum of patients with breast, gastric, 
colorectal, esophageal, and lung cancer (Barthelemy-Brichant et al. 2002; Fukuchi 
et al. 2004a; Ivanovic et al. 2006; Saito et al. 2000; Sun et al. 2007; Tsushima et al. 
1996). In gastric cancer, an elevated serum TGFpi correlates with lymph node metas- 
tases, peritoneal involvement, and a poor prognosis (Saito et al. 2000). Elevated 
serum TGFp 1 correlates with more frequent liver metastasis in colorectal carcinoma 
(Tsushima et al. 2001) and is associated with higher-stage, more frequent metastases, 
and a decreased 2-year survival in breast cancer (Ivanovic et al. 2006). Similarly, an 
elevated serum TGFP 1 is an independent marker of decreased survival in esophageal 
cancer (Fukuchi et al. 2004a). These observations have spurred an interest in using 
serum TGFpi to predict response to therapy and the development of recurrent or 
metastatic disease. Serum TGFpi levels decrease after therapy in esophageal, col- 
orectal, and nasopharyngeal carcinoma (Chen et al. 2005; Sun et al. 2007; Tsushima 
et al. 2001), and patients with higher post-treatment serum TGFpi are at an increased 
risk of developing metastasis (Tsushima et al. 2001). Interestingly, in an orthotopic 
murine model of metastatic HNSCC, serum TGFp 1 elevations temporally coincided 
with the development of metastasis (Dasgupta et al. 2006). At this point, although 
serum TGFp 1 may be a marker for overall disease burden and potentially for recur- 
rent or metastatic disease, it is unclear whether the sensitivity, specificity, and predic- 
tive value of TGFp 1 levels are great enough to be of clinical utility. 


TGFp Signaling as a Potential Pharmacological Target 
for Cancer Therapy 

Given its broad role in tumor development and progression, TGFp signaling is a 
logical therapeutic target.. However, the multifaceted roles of TGFp in normal tis- 
sue homeostasis coupled with the biphasic role of TGFp in tumor development 
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and progression have complicated attempts to modulate TGFp signaling. Successful 
therapeutic manipulation of TGFp signaling will require blockade of the pro- 
oncogenic TGFp actions (i.e., increased EMT, invasion, metastases, angiogenesis, 
and immune suppression) without adversely affecting the TGFP-stimulated 
growth arrest or apoptosis; however, most epithelial tumors have probably escaped 
TGFP-mediated growth inhibition by clinical presentation. Several potential strat- 
egies have emerged; the most promising are inhibition or sequestration of soluble 
TGFp, blockade of TGFP signaling with small molecule kinase inhibitors or anti- 
sense oligonucleotides, and adoptive transfer of immune cells that have been ren- 
dered insensitive to TGFp (Pennison and Pasche 2007; Yingling et al. 2004). 
Although no clinical or preclinical studies in HNSCC have been reported, other 
cancer models demonstrate the potential feasibility and efficacy of manipulating 
TGFp signaling. 

Treatment with an Fc-TGFpRII fusion protein did not prevent the development 
of primary tumors in a mouse model of mammary cancer; it did, however, decrease 
tumor cell motility with a commensurate reduction in metastases (Muraoka et al. 
2002). In an analogous genetic model, constitutive expression of the soluble 
Fc-TGFpRII fusion protein reduced the formation of metastases without a reduc- 
tion in primary tumor frequency - but also without any observable side effects 
(Yang et al. 2002). Similarly, blockade of all the three TGFp isoforms reduced the 
development of metastases after thoracic radiation or chemotherapy in a mouse 
model of breast cancer (Biswas et al. 2007). Importantly, in all these models, the 
severe inflammatory phenotype observed with germline TGFpi disruption was not 
observed (Kulkarni et al. 1993; Shull et al. 1992), nor was there an increase in 
primary tumor size or multiplicity, although a nonstatistical increase in metastases 
was observed with anti-TGFp antibody in the absence of radiation (Biswas et al. 
2007). Alternatively, reduction in serum TGFp by immunoabsorption increases 
immune cell function and decreases tumor growth in a xenograft hepatocellular 
cancer rat model (Yamamoto et al. 2006). In sum, these reports suggest that sys- 
temic TGFp 1 blockade may be a safe and effective strategy to reduce metastases in 
human malignancy. 

Small molecule inhibitors, predominantly targeting the intracellular kinase 
domain of TGFpRI, are also being developed. SD-208 suppresses TGFP-mediated 
EMT and migration in cultured pancreatic carcinoma cells, mammary tumor cells, 
and glioma cells as well as in an analogous orthotopic transplant models (Gaspar 
et al. 2007; Ge et al. 2006; Uhl et al. 2004). LY364947 increased the tumor delivery 
of doxorubicin-laden nanoparticles by inhibiting tumor endothelial cells in a pan- 
creatic tumor cell xenograft model (Kano et al. 2007). Another TGFpRI kinase 
inhibitor, SB-4361542, appears to have similar activity in a variety of cancer cell 
lines (Inman et al. 2002; Tojo et al. 2005); however, none of these molecules has 
reached clinical trials. In contrast, after showing preclinical efficacy, oligonucle- 
otides targeting TGFpRII have reached phase lib trials for high-grade glioma 
(Schlingensiepen et al. 2006, 2008). 

Another interesting approach is to enhance the antitumor immune response by 
blocking TGFp signaling in T cells. Mice expressing a dominant negative TGFpRII 


176 


S.P. Malkoski et al. 


in T cells are almost completely protected against tumors induced by injection of 
B16-F10 melanoma cells, and adoptively transferred T cells from these animals 
exhibit potent antitumor activity in preexisting tumors developed in Ragl mice 
(Gorelik and Flavell 2001). Likewise, both specific tumor immunity and antitumor 
activity were observed after tumor-sensitized T cells transfected with retrovirus 
expressing a dominant negative TGFpRII were adoptively transferred introduced into 
recipient mice harboring tumors derived from the same cell line (Zhang et al. 2005). 
These studies not only provide compelling proof of concept data but also highlight 
the immune-suppressive potency of TGFp. However, the level of TGFp signaling 
targeted for antitumor approaches involving the immune system will be critical: while 
blockade of TGFpRII in T cells is tumor protective (Gorelik and Flavell 2001), 
Smad4 deletion in T cells causes stromal inflammation and gastrointestinal tumors 
(Kim et al. 2006). 


Summary and Future Perspectives 

Defective TGFp signaling in the head and neck epithelia occurs through a variety 
of genetic, epigenetic, and post-translational mechanisms and involves multiple 
members of the TGFP-Smad signaling cascade; however, defects involving loss of 
TGFpRII and Smad4 have been best characterized in HNSCC. TGFp signaling 
defects allow epithelial cells to escape TGFP-mediated growth inhibition and cause 
increased local and systemic TGFp production, which then promotes metastases by 
stimulating tumor cell invasion, angiogenesis, and inflammation. Both loss of 
TGFP-dependent tumor suppression and the pro-metastatic effects of TGFpi 
involve crosstalk between TGFp signaling and other signaling pathways critical to 
tumor growth and metastases. For example, in our HNSCC mouse model, it was 
necessary to combine Ras initiation with TGFpRII deletion to generate tumors (Lu 
et al. 2006). That these tumors harbor molecular alterations commonly observed in 
human HNSCC, such as increased expression of EGFR and Stat3 activation (Lu 
et al. 2006), suggests that therapies targeting other pathways (e.g., EGFR kinase 
inhibitors) may be active against HNSCC with defective TGFp signaling and that 
combination therapies targeting both tumor epithelia cells and stromal TGFp sig- 
naling may be even more efficacious. While it is currently unknown whether sys- 
temic TGFp levels correlate with the disease burden, the presence of local or distant 
metastases, or the response to therapy in HNSCC, it is possible that serum TGFp 
will eventually be used as a staging tool or to monitor therapeutic responses. At 
least initially, specific targeting of the TGFp pathway is likely to be reserved for 
HNSCC with regional or distant metastases because of concerns about a TGFp 
pathway blockade increasing primary tumor growth. Given the available preclinical 
data, it appears that at least a short-term systemic TGFp blockade is safe; however, 
the long-term effects of this strategy as well as the optimal situations for targeting 
TGFp signaling remain active areas of research. 
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Chapter 9 

Growth Factor Receptor Signaling 
and Metastasis of Oral Cancer 


AH Razfar and Jennifer R. Grandis 


Abstract Growth factor receptor signaling activates a number of pathways involved 
in cellular proliferation and survival. Overexpression and activation of various growth 
factor receptors have been implicated in a number of cancers. The progression of tumor 
cells to an invasive phenotype requires a number of important steps, including the loss 
of cellular adhesion complexes and the migration of tumor cells to distant sites. These 
steps are regulated by growth factor receptors such as epidermal growth factor recep- 
tor (EGFR) and c-Met leading to metastasis. Overexpression and activation of EGFR 
lead to loss of intercellular adhesions through the downregulation of E-cadherins, 
desmosomes, and focal adhesion kinase. Furthermore, EGFR signaling can upregulate 
matrix metalloproteases (MMPs), leading to the degradation of the extracellular 
matrix and increased motility. Hepatocyte growth factor (HGF)/c-Met signaling can 
also disrupt E-cadherin expression and upregulate MMP expression, resulting in a 
more invasive phenotype. Thus, growth factor receptors play a major role in tumor 
metastasis through the regulation of key intermediary steps. 


Introduction 

Tumor metastasis is the leading determinant of cancer progression and patient 
survival. In head and neck squamous cell carcinoma (HNSCC), cervical lymph 
node metastasis is the most important prognostic factor in predicting the clinical 
outcome. HNSCC patients with lymph node metastases have a survival rate that is 
half of that found for patients with no evidence of lymph nodes metastases (Zhang 
et al. 2002). The ability of primary tumor cells to invade regional tissue and seed 
distant organs requires a series of sequential steps. Tumor cells must dissociate 
from their adhesive interactions with surrounding tissue, migrate through the extra- 
cellular matrix (ECM) and basement membrane, invade lymphatic and/or blood vessels, 
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and finally enter and take residence in the target organ. Growth factor signaling 
regulates cell growth, survival, and proliferation. Alterations in growth factor 
signaling pathways play a major role in cancer progression and metastasis. Growth 
factor receptors such as the epidermal growth factor receptor (EGFR) and c-Met are 
often upregulated and/or constitutively activated in a number of different cancers. 
In this chapter, we will review the pivotal role that growth factor receptors play in 
HNSCC metastasis. 


Expression of Epidermal Growth Factor Receptor 
in Squamous Cell Carcinoma of the Head and Neck 

EGFR is a member of the erbB family of transmembrane cell-surface receptor 
tyrosine kinases. Activation of EGFR through ligand binding to the extracellular 
domain, leads receptor dimerization and activation of its kinase and subsequent 
activation of a several downstream signaling pathways including the signal trans- 
ducers and activators of transcription (STATs), mitogen-activated protein kinase 
(MAPK), AKT, and phospholipase C (PLC) pathways. These pathways mediate 
various cellular responses, including cell proliferation, survival, cell motility, inva- 
sion, and adhesion (Yarden and Sliwkowski 2001). These cellular functions play 
crucial roles in the process of tumor cell invasion. It is widely accepted that EGFR 
and its ligands are overexpressed in a number of epithelial tumors (Hynes and Lane 
2005). The EGFR ligand, transforming growth factor-a (TGF-a), EGFR mRNA, 
and protein have been shown to be highly overexpressed in tumor specimens of 
patients with HNSCC when compared with normal controls (Grandis et al. 1998) 
(Fig. 9.1). This finding confirmed the earlier report of elevated expression of 
TGF-a and EGFR in HNSCC primary tumors and cervical metastases (Christensen 
et al. 1993). Cases of HNSCC with nodal involvement have been shown to have a 
significantly higher gene copy number of EGFR than HNSCC tumors without 
nodal involvement (Todd et al. 1989). Elevated levels of another EGFR activating 
ligand, amphiregulin, have also been implicated in HNSCC. An increase in the 
level of amphiregulin expression was correlated with clinical progression of 
HNSCC (Tsai et al. 2006). Recombinant amphiregulin can increase the growth, 
invasive capacity, and migration of oral cancer cells, at least in part, via induction 
of the inflammatory mediator COX-2 (Tsai et al. 2006). 

Data from Hiraishi et al. showed that 92.3% of HNSCC tumors expressed EGFR 
and 98.0% expressed p-EGFR (Hiraishi et al. 2006). In the same study, 63.4% and 
69.2% of patients showed high expression levels of EGFR and p-EGFR, respec- 
tively. High EGFR expression was correlated with tumor invasiveness. However, 
expression of EGFR and p-EGFR did not correlate with clinical factors such as 
tumor stage, lymph node metastasis, distant metastasis, or differentiation. Differences 
between these findings and previous reports might have resulted from technical 
considerations in performing immunohistochemical (IHC) evaluation of EGFR 
expression or from alternate ways in which the EGFR pathway can become activated. 


9 Growth Factor Receptor Signaling and Metastasis of Oral Cancer 


187 


N Stage 0 


N Stage 2 



lowTGF 
medium TGF 
high TGF 



2 3 4 

Years Alter Surgery 


2 3 4 5 

Years After Surgery 


r. Stage 0 


N Stage 2 


~L| — j 




2 3 4 
Years After Surgery 


: 


low EGFR 
medium EGFR 

high EGFR 


2 3 4 5 

Years After Surgery 


Fig. 9.1 Kaplan-Meier analysis showing the overall cause-specific survival among 49 patients 
with NO (a, c) and 27 patients with N2 (b, d) head and neck cancer, according to the levels of 
transforming growth factor-a (TGF) (a, b) or epidermal growth factor receptor (EGFR) (c, d) in 
the primary tumor. Vertical lines denote 95% confidence intervals at 2 and 4 years 


For example, in glioblastoma cells, a mutation leading to the deletion of exons 2-7 
results in a truncated EGFR protein known as EGFRvIII that has contituitive 
tyrosine kinase activity and promotes aggressive tumor growth in vivo (Lorimer 
2002). EGFRvIII has now been detected in HNSCC where expression correlates 
with resistance to chemotherapy and EGFR targeting using an EGFR-specific anti- 
body (Sok et al. 2006). Activating point mutations have also been identified in the 
EGFR tyroisine kinase domain in some cases of nonsmall cell lung cancer and have 
been linked to increased response rates to EGFR tyrosine kinase inhibitors. 
However, these types of mutations are exceedingly rare in HNSCC. 


Role of EGFR Signaling in Intercellular Adhesion 

Dissociation of cell-cell adhesion plays an important role in tumor metastasis. 
Two major mechanisms of cell-cell adhesion are adherens junctions and desmosomes. 
Adherens junctions are adhesive complexes that utilize cadherins and catenins 
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to bind to microfilament networks within the cell (Perez-Moreno et al. 2003). 
Desmosomes are adhesive structures that anchor to intracellular intermediate filament 
networks through the interaction of various adaptors proteins such as desmoplakins, 
plakoglobins, and cadherins (Yin and Green 2004). Disruption of adherens junc- 
tions through the reduced expression of E-cadherin, a-catenin, and P-catenin is 
associated with regional lymph node metstasis in HNSCC (Tanaka et al. 2003). 
Examination of the distribution of desmosomes using electron microscopy and immu- 
nohistochemistry in HNSCC specimens reveals that specimens from patients with 
cervical metastasis have fewer desmosomes than do specimens from patients 
with no metastasis (Tanaka et al. 2002). EGFR signaling pathways play a critical 
role in the regulation of these adhesive complexes. Thus, the interplay between 
EGFR signaling and intercellular adhesion is probably a major component of tumor 
metastasis and cancer progression. 

E-cadherin has proven to be an important molecule in the progression of cancer 
and can serve as an indicator of the metastatic potential of a primary tumor. 
Expression of E-cadherin negatively correlates with histologic grade, tumor size, 
clinical staging, lymph node metastasis, and tumor invasion and correlates with a 
poor prognosis in esophageal SCC (Zhao et al. 2003). Loss of E-cadherin expres- 
sion in the primary tumor correlates with development of nodal metastasis, tumor 
progression, and poor prognosis for patients with HNSCC (Bankfalvi et al. 2002; 
Lee et al. 2002). In three-dimensional organotypic models, suppression of 
E-cadherin leads to a more invasive phenotype of squamous cell carcinoma cell 
lines, whereas maintenance of E-cadherin expression can prevent invasion both 
in vitro and in vivo (Margulis et al. 2005). EGFR and its ligands have been shown 
to be the key regulators of E-cadherin expression. EGF treatment of a human breast 
cancer cell line induced the dissociation of actin, alpha-actin, and vinculin from the 
E-cadherin complex. Furthermore, antibodies blocking the function of EGFR 
resulted in cellular aggregation and the formation of E-cadherin adhesion com- 
plexes with actin and vinculin in the same cell line (Hazan and Norton 1998). In 
lung cancer cell lines, anti-EGFR antibodies were shown to upregulate the expression 
of E-cadherin, resulting in cells differentiating to a more epithelial than mesenchymal 
phenotype. Thus, EGFR modulation of E-cadherin is not only important for tumor 
metastasis but also likely involved in the epithelial-to-mesenchymal transition (EMT). 

The underlying mechanisms of EGFR regulation of E-cadherin are only partially 
understood. EGFR signaling was shown to induce caveolin-dependent endocytosis 
of E-cadherin, subsequently leading to disruption of cell-cell adhesion and initiating 
EMT of tumor cells (Lu et al. 2003). In the same study, prolonged EGF treatment 
resulted in a downregulation of caveolin- 1 and subsequent upregulation of transcrip- 
tional repressor SNAIL, inhibiting E-cadherin expression. A common downstream 
target of EGFR is the phosphoinositide 3 kinase (PI3K)/Akt pathway. Phosphorylated- 
Akt has been shown to be inversely correlated with E-cadherin expression in 
HNSCC (Lim et al. 2005). Akt activation represses E-cadherin expression through 
upregulation of the repressors SNAIL and SIP1 (Grille et al. 2003). Thus, it can be 
postulated that EGFR overexpression leads to increased activation of the PI3K-Akt 
pathway resulting in upregulation of the E-cadherin SNAIL and SIP1 (see Fig. 9.2). 
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Fig. 9.2 EGFR signaling pathway in metastasis of squamous cell carcinoma of the head and neck 
(HNSCC). EGFR ligand binds to EGFR, leading to autophosphorylation of five sites and the 
phosphorylation of PLC-yl . This leads to the hydrolysis of P1P2 to IP3 and DAG. Ultimately, both 
these pathways can activate the PKC/Raf/Erk pathway. This activates MMP3, which is able to 
degrade the basement membrane. EGFR signaling also induces the PI3K/Akt pathway, leading to 
the upregulation of SNAIL, a suppressor of E-cadherin. This results in the loss of cell adhesion 
and invasive phenotype. EGFR also downregulates DSG2 and DSC2, leading to loss of desmo- 
some assembly and reduced cell adhesion. EGFR can activate the MAPK/ERKpathway, leading 
to the activation of MMP2 and MMP9. This results in ECM degradation and enhanced motility. 
PLCg-1 phospholipase C gamma 1; PIP2 phosphatidylinositol (4,5) bisphosphate; IP3 inositol- 
triphosphate; DAG diacylglycerol; PKC protein kinase C; ERK extracellular signal-regulated 
kinase; MAPK mitogen-activated protein kinase; MMP matrix metalloproteinase; EGFR epider- 
mal growth factor receptor; PI-3K phosphoinositide kinase 3 

Furthermore, E-cadherin is likely endocytosed through the EGFR/caveolin-1 dependent 
pathway leading to cell-cell detachment and increased invasive capacity. 

Desmosomes are important structures involved in cell-cell adhesion as well as 
intracellular signaling. There is accumulating evidence implicating desmosomes in 
the progression of cancer. A number of cancers have shown either loss of expres- 
sion or overexpression of desmosomal cadherins (Chidgey and Dawson 2007). This 
is most likely due to the multiple roles desmosomes can play in the cell. In HNSCC, 
the desmosomal adaptor protein plakoglobin was downregulated in all tumors 
compared with normal epithelium, and 87.1% of tumors displayed an abnormal 
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cytoplasmic localization of this protein (Papagerakis et al. 2004). Plakophilins are 
a member of the armadillo family of proteins which are required for desmosomal 
function. In HNSCC, expression levels of plakophilin- 1 and -3 have been inversely 
correlated with tumor grade, and there is no expression of plakophilin-2, a ubiqui- 
tous desmosomal protein (Schwarz et al. 2006). 

Desmosomes have also been implicated in the metastatic ability of tumors. 
Downregulation of plakophilin- 1 leads to decreased desmosome assembly, increased 
cell motility, and increased invasion in HNSCC (Sobolik-Delmaire et al. 2007). 
EGFR signaling plays a significant role in the regulation of adherens junctions (see 
Fig. 9.2). Studies to date suggest a role for EGFR signaling in desmosome assembly 
and function. In the conditions of reduced cell-cell adhesion, inhibition of EGFR led 
to a transition from mesenchymal to epithelial morphology of HNSCC (Ghosh et al. 
2002). Furthermore, the levels of desmosomal components such as desmoglein 2 
and desmocollin 2 increased and were recruited to cell-cell borders. Tyrosine kinase 
inhibition can lead to decreased phosphorylation of desmoglein 2 and plakoglobin 
(Ghosh et al. 2002). Thus, EGFR inhibition may increase cell-cell adhesion and 
desmosome function in HNSCC and prevent metastasis. 


Epidermal Growth Factor Receptor and Focal Adhesion Kinase 

Focal adhesion kinase (FAK) has been shown to be overexpressed in a number of 
tumors, particularly those with high invasive potential (Owens et al. 1995). FAK is 
a tyrosine kinase that helps mediate integrin signaling at focal adhesion complexes 
and is involved in cellular adhesion, growth, and differentiation. There is growing 
evidence implicating FAK in HNSCC invasion and metastasis. FAK has been found 
to be overexpressed in highly invasive HNSCC compared with normal oral mucosa 
(Romberg 1998). In a study comparing two different oral carcinoma cell lines, FAK 
was expressed at higher levels in the cell line with more invasive properties. 
Furthermore, the overexpression of FAK in the less invasive cell line led to a 4.5-fold 
increase in invasion compared with control cells (Schneider et al. 2002). EGFR 
signaling has been implicated in modulating the function of FAK, although the exact 
mechanism has yet to be identified. In another study, EGFR inhibition by gefitinib 
led to the downregulation of integrins and phosphorylation of FAK leading to 
decreased adhesion to ECM and a reduction in metastasis (Shintani et al. 2003). 


Epidermal Growth Factor Receptor Signaling and Cell Motility 

One of the major steps in tumor metastasis is degradation of the ECM. This enables 
primary cancer cells to move through the matrix and target distant sites. MMPs are 
a group of zinc endopeptidases that degrade the components of the ECM such as 
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collagen, fibronectin, glycoproteins, and proteoglycans. These enzymes have been 
widely implicated in a number of invasive tumors. In HNSCC, activation of 
MMP-2 and MMP-9 is significantly higher in cancer cells than in normal oral 
mucosa (Patel et al. 2005). In another study of HNSCC, MMP-9 overexpression 
was found to be significantly correlated with metastatic tumors (Hong et al. 2000). 
MMP-3 is involved in the degradation of the basement membrane, a necessary step 
of tumor metastasis, and one study identified a positive correlation between the 
expression of EGFR and MMP-3 in HNSCC (Kusukawa et al. 1996). Furthermore, 
MMP-3 was expressed at the advancing front of the cancer and was associated with 
advanced pathological stage, diffuse invasive mode, and neck metastasis (Kusukawa 
et al. 1996). There is a high correlation between the invasive phenotype of HNSCC 
and the expression levels of EGFR and MMP-9 (O-Charoenrat et al. 2000b). The 
relationship between EGFR signaling and MMP activation has been elucidated in 
a number of studies (See Fig. 9.2). In HNSCC, EGFR signaling led to an upregula- 
tion and activation of MMP-9 causing a more invasive phenotype (O-Charoenrat 
et al. 2000a). Subsequently, blocking EGFR signaling with the tyrosine kinase 
inhibitor gefmitib led to a reduction of MMP-2 and MMP-9 activity and reduced 
the invasion of HNSCC in vitro (Lee et al. 2007b). There is evidence that the 
MAPK pathway may be important for mediating EGFR's regulation of MMPs, as 
blockade of the MAPK pathway with a MAPK extracellular signal-regulated 
kinase (MEK) inhibitor leads to marked reduction in MMP-2 activity and decreased 
invasion of HNSCC (Lin et al. 2006). The MAPK/ERK and PI3K7Akt pathways 
have also been shown to activate MMP-9 (Cooper et al. 2004; Lee et al. 2007a). 
Thus, EGFR signaling can modulate the expression and activation of various 
MMPs, which are critical in HNSCC metastasis. 

PLC-yl is a downstream target of EGFR signaling and is a major pathway 
involved in cell motility. EGFR signaling mediates cell motility through the 
activation of PLC-yl and subsequent hydrolysis of phosphoinsotide 4,5-bisphosphate 
(PIP,) releasing gelsolin, which modifies the actin cytoskeleton (Chou et al. 
2002). Due to the importance of cell motility in tumor metastasis, the relation- 
ship between EGFR signaling and the promigratory effects of PLC-yl has been 
studied in a number of human tumors. Both EGFR and PLC-yl have been shown 
to be overexpressed in mammary carcinoma cells when compared with normal 
breast tissue (Arteaga et al. 1991). In HNSCC, both PLC-yl and phosphorylated 
PLC-yl, the active form of PLC-yl, were found to be overexpressed when com- 
pared with normal epithelial tissue (Thomas et al. 2003). Upon stimulation of 
EGFR, PLC-yl was activated in HNSCC cell lines and mediated tumor invasion 
in vitro (Thomas et al. 2003). HNSCC invasion was blocked following either 
EGFR inhibition or PLC-yl inhibition, suggesting that EGFR activation of PLC-yl 
directly mediates tumor invasion (Thomas et al. 2003). Furthermore, PLC-yl can 
activate transcription of MMP-3 through the protein kinase C/Raf/ERK pathway 
and further aid in cell motility and invasion (Zhang et al. 2007). EGFR signaling 
modulates PLC-yl activation and plays an important role in tumor cell migration 
and invasion. 


192 


A. Razfar and J.R. Grandis 


Hepatocyte Growth Factor/c-Met signaling in Head 
and Neck Squamous Cell Carcinoma Metastasis 

The c-Met receptor is a tyrosine kinase that regulates a number of pathways 
involved in cell growth and differentiation. HGF binds to c-Met, leading to auto- 
phosphorylation on two tyrosine residues and the activation of multiple signaling 
pathways. The HGF/c-Met signaling pathways can activate cell growth, survival, 
and mitogenesis in a number of different cells, including epithelial cells (Peruzzi 
and Bottaro 2006). HGF signaling has also been implicated in several human can- 
cers where it contributes to cancer progression and tumor metastasis. The c-Met 
protein was found to be overexpressed in 12 HNSCC cell lines when compared 
with the levels in normal epithelial cells (Morello et al. 2001). HGF serum concen- 
trations were elevated in HNSCC patients compared with healthy control subjects 
(Uchida et al. 2001). In the same study, HGF serum concentrations were found to 
be decreased in the HNSCC cohort following curative therapy. Both mRNA and 
proteins levels of HGF and c-Met have been found to be overexpressed in HNSCC 
tumors when compared with normal mucosa (Kim et al. 2006). The expression of 
c-Met has been correlated with increased regional and distant metastasis and 
decreased HNSCC disease-free survival (Endo et al. 2006). In a type I collagen 
matrix, HGF was shown to significantly enhance the invasive growth of HNSCC 
cell lines (Uchida et al. 2001). 

HGF/c-Met signaling may mediate tumor progression and metastasis by a 
variety of mechanisms. One of the crucial steps in tumor metastasis is the loss of 
cellular adhesion. In cell lines of HNSCC, the absence of HGF led to epithelial cells 
forming tightly packed monolayers. Upon activation of c-Met by HGF, those inter- 
cellular adhesion complexes were disrupted and cells displayed a migratory pheno- 
type (Morello et al. 2001). HGF stimulation of c-Met led to the downregulation of 
E-cadherin and translocation of E-cadherin to the cytoplasm leading to enhanced 
invasion in HNSCC (Lynch et al. 2007). HGF induced the phosphorylation of 
P-catenin, leading to a dissociation of E-cadherin and P-catenin (Hiscox et al. 
2006). In HNSCC, HGF induced the upregulation of unbound P-catenin and disrup- 
tion of E-cadherin junctions (Murai et al. 2004). HGF signaling can also upregulate 
expression of Snail, a repressor protein involved in EMT, via the MAPK/Egr-1 
pathway (Grotegut et al. 2006). Increased Snail leads to enhanced cell scattering, 
migration, and invasion of tumor cells. HGF was also shown to induce migration 
through the phosphorylation of FAK leading to the recruitment of integrins, 
cytoskeletal proteins, and FAK into focal adhesions (Matsumoto et al. 1994). 


Matrix Metalloproteases in HNSCC Migration and Invasion 

The role of MMPs in tumor invasion and metastasis has been elucidated in a 
number of human cancers. Levels of MMP-2 and MMP-9 were shown to be 
higher in cancer cells than in normal cells, and MMP-9 levels correlated with 
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tumor metastasis (Hong et al. 2000; Patel et al. 2005). MMPs may be activated 
downstream of several receptor tyrosine kinases including EGFR and c-Met. 
HGF-induced invasion of cancer cells corresponded with an increase in MMP-9 
expression (Fridman et al. 2007). In the same study, inhibiting the kinase activity 
of c-Met led to the suppression of downstream Akt phosphorylation and nuclear 
factor kappa B (NF-kB) deactivation, resulting in inhibition of MMP-9. Another 
ligand for c-Met, scatter factor (SF), was found to induce expression of MMP-9 
and MMP-2 in HNSCC cell lines (Bennett et al. 2000). E1AF is a transcription 
factor of the Ets-oncogene family that regulates the expression of MMPs 
(Higashino et al. 1995). HGF stimulated the transcription of the E1AF gene and 
resulted in the upregulation of MMP-1, MMP-3, and MMP-9 mRNA levels 
(Hanzawa et al. 2000). Furthermore, these HGF-activated cells were able to 
degrade collagen gels, displaying their invasive phenotype. Thus, HGF/c-Met 
signaling appears to modulate MMP expression and activity through a number of 
pathways, resulting in increased invasion of HNSCC. 


Conclusion 

Metastasis is a major prognostic factor in HNSCC. Growth factor receptor signaling 
plays a major role in tumor progression and invasion. The EGFR and HGF/c-Met 
signaling pathways regulate a number of important steps in tumor invasion, including 
loss of intercellular adhesion and degradation of ECM. Both EGFR and c-Met signaling 
disrupt cellular adhesion complexes by acting on E-cadherins through the PI3K-Akt 
and MAPK/Egr-1 pathways, respectively. In addition, EGFR signaling can also 
downregulate desmosome assembly, aiding in tumor metastasis. Growth factor receptor 
signaling is also involved in degradation of ECM through the action of MMPs. 
Activation of the EGFR and c-Met pathways leads to the upregulation of MMP-2 and 
MMP-9 enhancing tumor cell motility and invasion. Furthermore, EGFR activation 
of PLC-yl stimulates MMP-3 expression through the protein kinase C/Raf/ERK 
pathway, leading to degradation of basement membrane. Understanding the role of 
growth factor signaling in the steps of invasion in HNSCC will aid in the development 
of targeted therapies to prevent metastasis and increase survival. 
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Chapter 10 

Nuclear Transcription Factors and Signaling 
Pathways in Oral Cancer Metastasis 


Zhong Chen, Reza Ehsanian, and Carter Van Waes 


Abstract Tumor progression of oral and other head and neck squamous cell car- 
cinomas (HNSCCs) from dysplasia to metastasis involves a series of pathologic 
phenotypic changes considered to be the hallmarks of cancer, and these have 
been associated with a number of genetic, epigenetic, and molecular alterations 
(Fig. 10. 1). Pathologic phenotypic changes precede metastasis and include increased 
cell proliferation, survival, and horizontal spread, which require certain molecular 
changes that together with later events contribute to the metastatic phenotype. 
These steps commonly include altered expression of molecules regulating the cell 
cycle and death (e.g., p53), growth factor response (epidermal growth factor recep- 
tor, EGFR), protein synthesis and metabolism (mammalian targets of rapamycin, 
mTOR), and cell immortality (telomerase). The subsequent steps of invasion and 
metastasis involve penetration and breakdown of the extracellular matrix (ECM) 
comprising the basement membrane and interstitial connective tissue; formation and 
invasion of a new stroma of host inflammatory and mesenchymal cells; neoangio- 
genesis and lymphangiogenesis; and distant spread via these lymphatics and blood 
vessels to secondary regional and distant sites. The molecular events accompanying 
the metastatic stage commonly include loss of expression or function of tumor sup- 
pressor genes or increased expression or function of oncogenes including numerous 
growth factors, cytokines, cell adhesion molecules and proteases, signal kinases, 
and nuclear transcription factors. Nuclear transcription factors appear to play a 
central role in malignant transformation and metastasis, since direct overexpression, 
mutation or activation of these molecules, or components of various upstream sig- 
naling pathways that modulate their function (Chaps. 8, 9, 11, 13) result in altered 
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Fig. 10.1 Model of histopathologic and molecular changes with progression and metastasis of 
HNSCC. (a) Histopathologic changes during tumor progression and metastasis of HNSCC. (b) 
Molecular alterations with tumor progression and metastasis. pl4/16 protein 14 and 16 kDa, p53 
protein 53 kDa, PTEN phosphatase and tensin homolog deleted on chromosome 10, CSMD1 Cub 
Sushi Multiple Domains 1, p40AIS activated in squamous carcinoma, ANp63 deltaNp63, IL inter- 
leukin, TNF tumor necrosis factor, NF-kB nuclear factor- kappa B, TGF transforming growth 
factor, EGFR epidermal growth factor receptor, AP activator protein, STAT signal transducers and 
activators of transcription, BCL-XL BCL2-related protein, long isoform, GROl growth regulated 
oncogene 1 , MMP matrix metalloproteinase, PDGF platelet-derived growth factor, VEGF vascular 
endothelial growth factor, elFs eukaryotic translation initiation factors, EGR1 early growth 
response 1, AKT protein kinase B-alpha, mTOR mammalian targets of rapamycin 
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regulation of expression of diverse gene programs that produce the phenotypic 
changes characteristic of cancer and metastasis (Chaps. 4, 5, 12-14). 


Background and Overview 

Nuclear transcription factors are proteins or protein complexes that function to 
promote transcription of genomic DNA to messenger RNA by binding to their 
specific short DNA recognition sequences (referred to as binding motifs or sites) 
in the 5' promoter region of target genes. Their binding to DNA may be induced 
or constitutive, and modulated between inactive, repressive, or activated states by 
extracellular or intracellular signals. Transcription factor binding motifs are 
present in multiple genes and most transcription factors regulate multiple target 
genes to coordinate necessary molecular changes for a phenotypic response. For 
example, transcription factors can regulate several genes important for phenotypic 
changes in cancer, such as those related to the cell cycle, DNA repair and synthe- 
sis, and cell death (e.g., p53 and E2F), or wider sets of genes involved in cell 
proliferation, survival, inflammation, angiogenesis, adhesion and migration (e.g., 
activator protein- 1 [AP-1], nuclear factor-kappaB [NF-kB], signal transducer and 
transcription factor [STAT]-3, early growth response-1 [EGR-1], and deltaNp63 
[ANp63]). In addition, gene promoters often contain more than one transcription 
factor binding site for several of these transcription factors, so that a part or the 
whole gene program can be repressed, induced, or amplified by a variety of sig- 
nals. Several nuclear transcription factors have been found to be commonly acti- 
vated or suppressed in head and neck and other cancers and contribute to the 
malignant phenotype. 

The TP53 or p53 gene encodes a 53 kDa protein that forms a tetrameric DNA 
binding complex. It is mutated in approximately 50% of HNSCCs, resulting in loss 
of function or altered function of the p53 protein. In some head and neck tumors, 
inactivation of p53 expression has been shown to result from protein degradation 
by the human papillomavirus (HPV) E6 gene expression, or increased expression 
and complex formation with its inactivating protein HDM2 induced by other tran- 
scription factors, such as NF-kB. p53 may also be inactivated at the transcriptional 
level itself by loss of signal activation or by genetic or epigenetic alteration of the 
ATM or pl4ARF/pl6INK4a loci, which encode proteins involved in the p53 path- 
way mediated damage response. After DNA damage or mutation, intact p53 func- 
tions to regulate genes that cause cell cycle arrest, promote DNA repair, or lead to 
cell death. Loss of this function can lead to proliferation and further loss of genomic 
stability, additional genetic changes, and progression to metastasis. Thus, p53, 
pl4ARF/pl6INK4a, and ATM are considered as important tumor suppressor genes 
in HNSCC and other cancers. 

ANp63 is another member of the p53 family, whose function is distinguished 
from p53 as a prosurvival transcription factor. ANp63 is overexpressed in a subset 
of HNSCCs and can promote cell proliferation by repression of expression of p53 
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and its cell cycle regulatory target p21. It has also been shown to promote survival, 
through binding and inhibition of another proapoptotic p53 family member, p73. 
ANp63 inhibits the ability of p73 to promote expression of the genes encoding 
NOXA and PUMA, which promote cell death. ANp63 has been shown to activate 
a different gene program than p53 in breast cancer, including a cell adhesion and 
protease gene program associated with metastasis. This gene program includes 
integrin a6p4, previously shown to be overexpressed in HNSCC with poorer 
prognosis. 

The AP-1 transcription factor is composed of cJUN and FOS family proteins. 
JUN was originally described as a viral oncogene that promotes proliferation and 
cell survival. The cellular proto-oncogenes cJUN and FRA-1 are family members 
shown to be activated and to bind and regulate target genes in HNSCC. JUN and 
FOS family proteins are primarily activated by mitogen-activated protein kinase 
(MAPK) pathways, which in turn mediate signals of a number of upstream cytok- 
ines, growth factors, receptors, and kinases whose expression or function is com- 
monly altered in HNSCC. These include the epidermal growth factor (EGF) ligand 
and receptor family, kinases RAS, and SRC, themselves regarded as oncogenes in 
HNSCC and other cancers. AP-1 and these upstream signal activators help to acti- 
vate cell cycle and survival proteins such as cyclin D and the BCL family of pro- 
teins, as well as genes encoding for proteins involved in matrix remodeling through 
matrix metalloproteinases (MMPs), cell adhesion and motility, and angiogenesis 
and inflammation through production of vascular endothelial growth factor (VEGF) 
and interleukin (IL)-8, which mediate important events in metastasis. However, 
blockade of these pathways or AP-1 usually only partially rather than completely 
inhibits these target genes and phenotypic changes, consistent with important con- 
tributory role of other transcription factors. 

The NF-kB family of transcription factors is made up of 5 subunits, NF-kB 1 
(p50), NF-kB2 (p52), RELA, RELB, and cREL, that combine in different ways to 
make heterodimeric NF-kB protein complexes that are bound in inactivated state to 
inhibitor-KBs (IkBs) in the cell cytoplasm. Signal activation of NF-kBs involves 
phosphorylation of IkB by IkB kinases (IKKs), whereupon NF-kB/REL complexes 
are translocated to the cell nucleus where they can activate diverse transcriptional 
programs. 

NF-kB was first implicated as an oncogenic transcription factor through discovery 
of a viral form of REL which causes avian lymphomas. NF-kB 1/RELA has been 
found to play an important role in aberrant gene expression and the malignant 
phenotype of HNSCC. Nuclear activation of all 5 NF-kB members has been dem- 
onstrated. NF-kB is inducible by nicotine and chemicals contained in tobacco and 
betel nut, two of the most important carcinogenic agents that promote the develop- 
ment of HNSCC. Constitutive nuclear activation of NF-kB has been shown to occur 
in premalignant dysplastic lesions and approximately 85% of HNSCC, indicating 
aberrant activation is an early event, and strong nuclear immunostaining is associ- 
ated with an increased rate of malignant progression of dysplasia and decreased 
survival in patients with HNSCC. NF-kB has been found to be constitutively activated 
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in HNSCC cell lines and tumors, suggesting that further events contribute to 
sustained activation. Thus far, expression and autocrine activation by IL-la and 
TNF have been implicated in activation of NF-kB in HNSCC. Overexpression and 
aberrant EGFR signaling appear to contribute to constitutive activation of NF-kB 
pathway. Activation of NF-kB via the PI3K, AKT, and CK2 kinases also appears to 
be important in signal activation of these pathways in HNSCC. NF-kB regulates or 
coregulates key genes involved in cell proliferation (cyclin Dl), survival (BCL-XL), 
migration and invasion (MMP9), and angiogenesis (IL-8, growth regulated oncogene 
1 [GROl, previously called KC or GRO-a]) in cancer (Fig. 10.2). Recently, 
NF-kB -mediated activation of one of the cytokines, Interleukin-6 (IL-6), has been 
shown in turn to be an important activator of STAT3, another transcription factor 
that controls the expression of genes that are important in cell survival. 

STAT3 is an activating transcription factor implicated in HNSCC. STAT3 may be 
activated by EGFR and/or IL-6R and their ligands, transforming growth factor-a 
(TGF-a) and IL-6. Activation via EGFR can involve SRC and via IL-6 can involve JAK 
and/or MEK kinases. STAT3 phosphorylation and dimerization result in DNA binding. 
Target genes of STAT3 include BCL-XL, a key antiapoptotic gene involved in cell survival 
of HNSCC cells as well as transcription factor c-MYC and Gl phase cyclin cyclinD. 

EGR-1 is another mitogen inducible transcription factor, activated in HNSCC by 
hepatocyte growth factor/scatter factor (HGF/SF) and c-MET, which encodes the 
HGF receptor. Overexpression of HGF by tumor stroma and increased respon- 
siveness to c-MET activation have been implicated in lymph node metastasis of 
HNSCC. HGF and c-MET signaling induce activation of EGR1 through protein 
kinase C (PKC) and MAPK pathways. EGR1 promotes the expression of the angio- 
genesis factors, VEGF and platelet-derived growth factor (PDGF), which are 
important in tumor progression and metastasis. 

The cross talk in signaling that leads to comodulation of these transcription 
factors and the presence of different combinations of binding site cassettes for 
these factors in target genes result in the formation of a network that can poten- 
tially mediate carcinogenesis and metastatic progression from a variety of molecular 
events. Alteration of expression of one or more cytokines and growth factors leading 
to coactivation of signal transcription factors such as NF-kB, AP-1, and STAT-3 
has been shown to alter the balance between cell survival and death and angiogen- 
esis factor expression by HNSCC. For example, increased expression of NF-kB 
and STAT3-regulated proteins such as BCL-2 and BCL-XL, together with 
decreased expression of the p53 regulated proteins p21 and BAX, has been shown 
to be important in preventing programmed cell death of HNSCC cells. Similarly, 
coactivation of NF-kB and AP-1 has been shown to upregulate expression of the 
proangiogenic factors IL-8, GRO-1, and VEGF, which have been implicated in 
both tumorigenesis and metastasis. 

In this chapter, we will discuss some of the experimental evidence from animal 
and human studies which have enabled the determination of the modes of activation, 
gene targets, and functional roles of these signal-activated nuclear transcription 
factors, as well as their contributions to the metastatic processes in HNSCC. 
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Molecular Changes During Development of Head and Neck 
Squamous Cell Carcinoma 

Tumor Suppressor Genes Encoding Transcription Factors 
in HNSCC 

Chromosome 17pl3 encodes the p53 gene, which is altered with relatively low 
frequency in dysplasia and carcinoma in situ (CIS), but with increased frequency in 
about 50% of primary carcinomas (Califano et al. 1996). Alternatively, HPV infection 
and E6 expression have been shown to inactivate p53, presumably at an earlier stage, 
particularly in oropharyngeal squamous cell carcinoma (SCC) (Gillison et al. 2000). 
As described above, a variety of functions have been attributed to the p53 gene, which 
is thought to mediate tumor suppression by cell-cycle arrest and DNA repair or induc- 
tion of cell death when DNA damage is irreversible (Sidransky and Hollstein 1996). 
Tumor suppressor p53 may also repress the activation of prosurvival genes by NF-kB 
(Lee et al. 2007) by competing for a transcriptional cofactor called CBP/p300 
(Webster and Perkins 1999). Thus loss of p53 can lead to dysfunction of mechanisms 
by which cancer cells undergo repair or cell death, as well as potentially promote 
activation of prosurvival pathways (Friedman et al. 2007). 

A locus on the short (p) arm of chromosome 9 located at 9p21 has been found to 
exhibit loss of heterozygosity (LOH) at an early stage during development of hyper- 
plasia (Califano et al. 1996). The 9p21 locus has been found to encode overlapping 
genes that encode proteins called pl4ARF and pl6INK4a, and this locus is found to 
be inactivated in the majority of HNSCC by homozygous deletion, mutation, or 
methylation of the regulatory promoter region (Reed et al. 1996). The pl4ARF 
protein is an important activator of the p53 pathway and repressor of the NF-kB 
pathway during programmed cell death (Rocha et al. 2005), so its loss may be an 
important early event in dysregulation of both the p53 and NF-kB pathways, which 
are altered in dysplastic and malignant squamous epithelia (Gorgoulis et al. 1994; 
Zhang et al. 2005). The pl6INK4a protein is a cyclin-dependent kinase called 
CDKN2/MTS-1/INK4A that normally inhibits cell-cycle progression. Thus, genetic 
or epigenetic alteration of this locus can result in the loss of pl4ARF protein causing 
decreased programmed cell death, and the loss of pl6INK4a causing increased 
proliferation. Consistent with this, re-expression of pl6 in HNSCC cells by gene 
transfer suppresses cell growth in vitro (Liggett et al. 1996). Re-expression of 
pl4ARF has been shown to repress NF-kB -mediated prosurvival gene expression 
and promote cell death in other cell types (Rocha et al. 2005). 

Loss of heterozygosity involving chromosome 8p is observed later, in asso- 
ciation with invasive HNSCC, and a locus on chromosome 8p23 is associated 
with poor prognosis (Scholnick et al. 1996). The putative tumor suppressor 
gene at the chromosome 8p23 locus has been identified and is a large transmem- 
brane protein called CSMD1 (Scholnick and Richter 2003). Another gene that 
infrequently undergoes mutations that result in loss of function maps to the 
chromosome 8p21 region in HNSCC, and is a p53 regulated growth inhibitory 
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gene that is a member of the TNF-related apoptosis-inducing ligand (TRAIL) 
family (Pai et al. 1998). 

Loss of heterozygosity at chromosome 10q23 is detected with intermediate 
frequency in primary HNSCC and has been found to reflect deletion or inactivation 
of a gene called phosphatase and tensin homolog deleted on chromosome 10 (PTEN) 
(Okami et al. 1998). PTEN suppresses the activation of AKT, also known as protein 
kinase B. AKT plays an important role in the activation of transcription factor 
NF-kB and coactivator CBP/p300, and transcription of prosurvival genes (Madrid 
et al. 2001), and activation of molecular target of rapamycin (mTOR), important in 
translation of proteins, such as the angiogenesis factor, VEGF (Amornphimoltham 
et al. 2005). Early activation of AKT by autocrine stimuli such as EGFR and 
cytokine receptors (Pernas et al. 2008; Bancroft et al. 2002), and later by loss of 
PTEN, could lead to increased survival and growth of HNSCC and other cancers. 


Tumor Oncogenes and Transcriptional Regulation in HNSCC 

A locus on the long (q) arm of chromosome 11 located at llql3 is amplified with 
increasing frequency during the CIS stage (Califano et al. 1996) and is associated 
with increased expression of a cell-cycle regulatory protein called cyclin Dl 
(Fu et al. 2004). Alternatively, cyclin Dl may be overexpressed as a result of tran- 
scriptional activation by NF-kB or STAT-3 (Chang and Van Waes 2005; Lee et al. 
2007). Cyclin Dl is required for progression of cells through the cell cycle, thereby 
stimulating squamous cells to proliferate. Inhibition of cyclin Dl results in inhibi- 
tion of growth of HNSCC in vitro. 

On chromosome 3q, amplification of a homologue of p53 was identified, and the 
protein encoded by this region, designated p40AIS (amplified in SCC), was found 
to be expressed at high levels with high frequency in HNSCC and lung squamous 
cell carcinoma (Hibi et al. 2000). p40AIS is a short splice variant of the related p53 
family member called ANp63, and both lack the tumor suppressor function of p53. 
Expression of AIS has been found to promote the growth of rat cells in soft agar 
and in mice, indicating that it may play an early role in transformation as an onco- 
gene. Increased p40 expression appears to be correlated with the loss of p53, and 
p40 may interact and inhibit normal p53 function. Subsequently, ANp63 has 
recently been shown to promote survival of a subset of HNSCC by binding and 
inhibiting p73, another proapoptotic p53 family member (Rocco et al. 2006). 
ANp63 also upregulates expression of integrin a6p4 and the ECM protein laminin 
5 (Carroll et al. 2006), both shown to be important markers of poor prognosis and 
mediators of cell adhesion of HNSCC (Van Waes et al. 1991). 

In summary, HNSCCs have been found to accumulate a series of genetic or 
epigenetic changes during tumor development. The functions of the affected genes 
identified to date are consistent with the changes required for the development of 
cancer, namely regulating cell-cycle progression and proliferation, cell death, and 
lifespan. Other altered genes are involved in cell adhesion, migration, matrix 
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remodeling, and angiogenesis. The occurrence of multiple events at different stages 
in individual cancers of different patients suggest that different combinations of 
several key genes affecting these phenotypic changes can contribute to the common 
histopathologic stages of tumor development observed in HNSCC. 


Aberrant Activation of Signaling, Gene Transcription, 
and Protein Translation in HNSCC 

The genetic or epigenetic changes in HNSCC can lead to altered activation of sev- 
eral signaling and transcription factor pathways that in turn regulate many of the 
several hundred genes and proteins whose expression is altered in cancer. These 
common pathways explain why most cancers show aberrant activation of certain 
gene programs involved in cell proliferation, survival, migration, angiogenesis, 
and metastasis. As important common pathways, they may also prove to be useful 
markers for molecular diagnosis and targets for therapy. The accumulation of 
molecular changes in expression or activation of several key growth factors, cytokines, 
receptors, or their downstream signaling and transcription factors with cytopatho- 
logic changes that occur during the stages of tumor development of HNSCC are 
summarized in Fig. 10.1, 10.2. 


Aberrant Activation of the NF-kB Pathway in HNSCC 

NF-kB is a signal transcription factor found to play an important role in aberrant 
gene expression and the malignant phenotype of SCC and other cancers (Van Waes 
2007). NF-kB is inducible by nicotine and chemicals contained in tobacco and 
betel nut, two of the most important carcinogenic agents that promote the develop- 
ment of HNSCC (Tsurutani et al. 2005; Ni et al. 2007; Allen et al. 2007b). Increased 
nuclear activation of NF-kB has been shown to occur in premalignant dysplastic 
lesions and approximately 85% of HNSCCs, indicating it is an early event, and 
strong immunostaining is associated with increased rate of malignant progression 
of dysplasia and decreased survival in patients with HNSCC (Zhang et al. 2005; 
Allen et al. 2008). NF-kB was found to be constitutively activated in HNSCC cell 
lines and tumor, suggesting that further events contribute to sustained activation 
(Zhang et al. 2005; Chang and Van Waes 2005; Duffey et al. 1999; Ondrey et al. 
1999). Thus far, expression and autocrine activation by IL-la and TNF have been 
implicated in the activation of NF-kB in HNSCC (Wolf et al. 2001; Jackson- 
Bernitsas et al. 2007; Duffey et al. 2000). EGFR appears also to contribute weakly 
to constitutive activation of NF-kB pathway (Bancroft et al. 2002). Activation of 
NF-kB via the PI3K, AKT, and CK2 kinases appears to be important in signal 
activation of these pathways in HNSCC (Bancroft et al. 2002; Yu et al. 2006). 
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By cDNA microarray profiling, NF-kB was found to directly or indirectly 
regulate approximately 60% of the genes aberrantly expressed with malignant 
progression in a murine SCC model (Loercher et al. 2004). Consistent with this 
model, among approximately 1260 differentially expressed genes identified from 
10 HNSCC cell lines by a 24K cDNA microarray, 60% of the genes were identi- 
fied as NF-kB regulated genes by bioinformatics analysis (Yan et al. 2007a). 
Independently, in microarray gene profiles of HNSCC specimens from patients at 
high risk for malignant progression, Chung et al identified a 75-gene list predic- 
tive of disease recurrence as the most prominent molecular characteristics of the 
high-risk tumors. Further evaluation of this gene set showed that many of these 
genes were involved in the epithelial-to-mesenchymal transition (EMT) and 
deregulation of NF-kB signals (Chung et al. 2006). NF-kB regulates key genes 
involved in cell proliferation (cyclin Dl), survival (BCL-XL) (Duan et al. 2007; 
Lee et al. 2008), migration and invasion (MMP9), and angiogenesis (IL-8, GROl) 
(Duffey et al. 1999; Dong et al. 1999) in HNSCC (Fig. 10.3). This has been fur- 
ther confirmed by blocking NF-kB activation and seeing decreased expression of 
these genes with concomitant inhibition of cell proliferation, survival, migration, 
angiogenesis, and tumorigenesis in SCC (Loercher et al. 2004; Duffey et al. 1999; 
Dong et al. 1999). Recently, NF-kB -mediated activation of one of the cytokines, 
IL-6, has been shown to be an important activator of STAT3, also important in 
cell survival (Lee et al. 2006, 2008; Squarize et al. 2006). 


Overexpression of TGF-aJEGFR and IL-6/IL-6R and Activation 
of the MAPK/AP-1 and JAKVSTAT3 Pathways in HNSCC 

Another of the early alterations in signaling identified in the development of 
HNSCC is overexpression of EGFR and one of its stimulatory factors, TGF-a 
(Bancroft et al. 2002; Grandis et al. 1998b; Pernas et al. 2008) (see Fig. 10.2). 
More than 90% of HNSCCs overexpress EGFR and TGF-a (Grandis et al. 
1998b). Increased expression of TGF-a and EGFR has been detected in 
tumor cells and normal mucosa of patients with HNSCC compared with nor- 
mal mucosa from controls, indicating that TGF-a and EGFR expression may 
be an early event in carcinogenesis of HNSCC (Grandis et al. 1998b). 
Increased expression of both TGF-a and EGFR occurs with progression to 
carcinoma. EGFR and TGF-a appear to be overexpressed owing to transcrip- 
tional activation of the genes for this receptor and ligand in most HNSCCs. 
Patients with carcinomas expressing higher levels of these factors have been 
shown to have a shortened disease-free survival, independent of cervical 
lymph node stage. 

Production of TGF-a and expression of EGFR establish a potential autocrine 
signal pathway for continuous stimulation of proliferation of squamous cells, and 
the importance of TGF-a and EGFR expression in the growth of HNSCC has 
been established (Bancroft et al. 2002; Grandis et al. 1998b; Pernas et al. 2008). 
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Inhibition of either TGF-a or EGFR expression or function using antisense 
oligonucleotides or pharmacologic inhibitors in combination with radiation was 
found to decrease proliferation and growth of HNSCC cells in vitro and of xeno- 
grafts in mice in vivo (Bancroft et al. 2002; Grandis et al. 1998a; He et al. 1998; 
Bonner et al. 2000; Milas et al. 2000; Pernas et al. 2008). The effects of EGFR 
activation are in part mediated through the RAS signal transcription factor path- 
way, wherein RAS activation of the MAPK or extracellular signal-regulated 
kinase (ERK) leads to the activation of the transcription factor, AP-1 (Bancroft 
et al. 2002). EGFR signaling can also activate the signal transducer and activator 
of transcription 3 (STAT3) (Grandis et al. 2000; Lee et al. 2006). EGFR activa- 
tion of STAT3 helps inhibit HNSCC cells from undergoing cell death (apoptosis) 
and stimulates proliferation. The cytokine, IL-6 is regulated by NF-kB and is 
another important factor that activates STAT3 through JAK pathway signaling 
(Squarize et al. 2006; Lee et al. 2006). Thus, overexpression of the EGFR appears 
to be one of several factors contributing to MAPK and STAT3 activation, which 
leads to increased proliferation and decreased cell death, and contribute to 
HNSCC tumorigenesis. 


Aberrant Activation of PI3K/AKT/mTOR Pathway 

Aberrant activation of the PI3K/AKT signaling pathway has been implicated in 
promoting the survival of cells that constitute many malignancies, including 
HNSCC (Dong et al. 2001a; Madrid et al. 2001; Pernas et al. 2008; Bancroft 
et al. 2002). Our laboratory has previously shown that overexpression and auto- 
crine activation of EGFR activated PI3K and ERK/MAPK pathways promote 
the expression of proinflammatory and proangiogeneic cytokines including 
IL-8 and VEGF, through the activation of NF-kB and AP-1 transcription factors 
(Bancroft et al. 2002; Lee et al. 2006). In addition, we have shown that the 
proangiogenic activity of HGF/SF in HNSCC is correlated with higher levels 
of the angiogenic factors IL-8 and VEGF in the serum of patients with HNSCC 
(Dong et al. 2001a). HGF induces a significant increase of IL-8 and VEGF 
cytokine production through phosphorylation of PI3K and ERK/MAPK (Dong 
et al. 2001a). The cytokine and growth factor-induced activation of the PI3K 
and AKT kinases activates another important target, mTOR, that is important in 
activating kinases and proteins that enhance protein translation in HNSCC 
(Nathan et al. 2004). Activation of eIF4E (elongation initiating factor) has been 
associated with activation of AKT and mTOR in HNSCC. This protein has been 
implicated in enhancing the translation of angiogenesis factors such as VEGF 
(Nathan et al. 1999). Although inhibition of mTOR by rapamycin has little 
effect on HNSCC lines in vitro, this inhibition sensitizes HNSCC cells to apop- 
tosis and reduces angiogenesis in vivo in animal models (Amornphimoltham 
et al. 2005). 
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Transcriptional Regulation and Signal Pathways Promote 
Invasion, Migration, and Metastasis of HNSCC and Other 
Cancers 

Molecular Mediators of Tumor Progression and Metastasis 

The progression of cancer to invasion and metastasis leads to significant morbidity 
and mortality. Figures 10.1 and 10.3 highlight some of the intermediate and late 
histopathologic and molecular events associated with tumor progression and metas- 
tasis. Development of invasive carcinoma is associated with focal dissolution of the 
basement membrane and ECM and the detachment and migration of cells into the 
submucosal tissue. HNSCC that exhibits a streaming pattern of small clusters of 
cells through the ECM are associated with more aggressive behavior and poor prog- 
nosis (Truelson et al. 1992). Tumor progression to a size that becomes visible and 
has an effect on adjacent structures requires an increase in the supply of oxygen and 
nutrients and removal of waste. Folkman established the concept that new blood 
vessel formation is critical in cancer (Folkman 1996). Enlargement of tumors to a 
size beyond 0.5 cm exceeds the range for diffusion of oxygen from existing vessels 
and necessitates new blood vessel formation, called neoangiogenesis. Such new ves- 
sel formation has been demonstrated in all cancers and is commonly associated with 
an increase in inflammatory cells. Increased vessel density and inflammation within 
tumors have been associated with more rapid growth, metastasis, and a decrease in 
survival, suggesting that the increase in vessels may relate to the increased access for 
metastasizing cancer cells. Invasion of the lymphatics and blood vessels and circula- 
tion of cells are necessary for regional and distant spread of HNSCC. 

Growth of the tumor epithelia and angiogenesis is also accompanied by increased 
infiltration of inflammatory cells and proliferation of fibrous stroma. Several studies 
have suggested that tumor cells that induce host inflammatory and stromal cell 
responses grow, invade, and metastasize more rapidly. Chen et al. have shown that 
during progression, SCCs undergo additional changes needed for growth and metas- 
tasis that depend on the host (Chen et al. 1997). Young and colleagues have shown 
that inflammatory cells infiltrating human and murine SCCs are one of the host 
components that promote growth and metastasis (Young et al. 1997). These inflam- 
matory cells bear a stem cell marker called CD34 and appear to differentiate into 
granulocytes and the endothelial cells that form new blood vessels. Young (2000) 
and Pekarek et al. (1995) have shown that the granulocytes promote increased 
growth and metastasis. Granulocytes from the host can release growth factors 
(Pekarek et al. 1995) and proteases (Itoh et al. 1999) that stimulate growth and inva- 
sion of tumor cells. Squamous cell carcinomas induce proliferation of stromal fibro- 
blasts. Fibroblasts also secrete factors, such as HGF, and ECM substances that can 
promote growth (Tamura et al. 1993). The establishment of metastases requires cell 
arrest and vessel formation in a new location. HNSCC shows a predilection for 
metastases to the lymphatics, lungs, liver, and bone marrow, suggesting that the cells 
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and substrates of the reticuloendothelial system provide a favorable environment for 
arrest and formation of SCC metastases (Fig. 10.1, 10.2). 


Molecules Involved in Cell Adhesion, Migration, and Invasion 

HNSCCs exhibit alterations in expression of a repertoire of cell adhesion molecules 
and ECM substances that function in attachment and migration. Increased expres- 
sion of cell adhesion molecules called integrins has been detected in HNSCC (Van 
Waes et al. 1995). The integrins are heterodimers composed of a and P subunits 
that form a superfamily of cell surface receptors involved in cell-cell and cell-ECM 
adhesions and recognition. The integrin a6p4, a2pi, and a3pi heterodimers are 
normally expressed among proliferating layers of squamous cell epithelium but are 
expressed in suprabasilar layers of many SCCs in association with the increased 
proliferation and immortalization that occur during early tumor development 
(Van Waes et al. 1995). Increased suprabasilar expression of a6p4, as detected by 
monoclonal antibody A9, was found to be correlated with a poorer prognosis in a 
prospective study of 80 patients with HNSCC (Wolf et al. 1990). Expression of 
integrin a6p4 has been shown to promote aggressive tumor behavior (Rabinovitz 
and Mercurio 1996). The a6p4, a2pi, and a3pi integrins have been found to be 
receptors for the ECM protein laminin, and a2p 1 and a3P 1 integrins also bind to 
collagen. HNSCCs secrete the basement membrane component laminin in vitro and 
in situ, and the blockade of a6p4, a2pi, and a3pi completely inhibits attachment 
of HNSCC to laminin and collagen. Monoclonal antibody to the a6 integrin also has 
been shown to reduce binding to activated endothelial cells. Thus, HNSCC exhibits 
constitutive alterations in expression of a repertoire of integrin cell adhesion 
molecules, and expression of integrin a6p4 in particular is linked with aggressive 
tumor behavior. Recently, integrin a6p4 expression has been shown to be upregu- 
lated by transcription factor ANp63 in breast (Carroll et al. 2006; Leong et al. 2007) 
and head and neck cancers (Yang et al. 2009). 

Increased expression and activation of enzymes involved in remodeling of the 
ECM have been detected in HNSCC and are associated with increased invasiveness. 
The MMPs comprise a family of proteases that digest the ECM and are upregulated 
in HNSCC (see Figs. 10.1 and 10.2). HNSCC exhibits increased expression of 
urokinase-type plasminogen activator (uPA) and uPA receptor, as well as the 
membrane-type MMP-1, collagenase 1, stromelysin 1, and gelatinase B (Rosenthal 
et al. 1998). Expression of these factors and invasiveness appear to be inducible by 
EGF or HGF (Rosenthal et al. 1998; Hanzawa et al. 2000; O-charoenrat et al. 
2000). Invasion of EGF- or HGF-stimulated cells is completely suppressed by 
recombinant and synthetic MMP inhibitors (Rosenthal et al. 1998). These studies 
suggest that MMPs may be more important than the plasminogen activator-plasmin 
system in mediating EGF- or HGF-induced tumor cell invasion of interstitial 
matrix barriers. Inflammatory cells infiltrating tumors also can express MMPs. 
MMP-9 may be expressed by host-derived neutrophils, macrophages, and mast 
cells attracted to the tumor site. MMP-9 expressed by bone marrowderived cells 
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appears to promote malignant tumor progression of squamous cell carcinoma 
in vivo (Coussens et al. 2000). 

Cytokine and Growth Factors Involved in Inflammation 
and Angiogenesis 

The demonstration of the role of host inflammatory and angiogenesis responses in 
development and progression of SCC has led to efforts to identify the molecules 
involved. HNSCCs have been found to express a number of cytokines and growth factors 
that mediate inflammatory and angiogenesis responses (see Figs. 10.1 and 10.2). 



Fig. 10.2 Modulation of nuclear transcription factors in response to autocrine and paracrine 
factors mediated signals that activate or suppress tumor progression and metastasis of HNSCC. 
Factors produced by tumor and host cells provide autocrine and paracrine stimuli that activate 
signal receptors, transcription factors, and genes. Genes activated by transcription factors effect 
cellular changes in HNSCC that lead to tumor progression and host inflammatory and angiogenesis 
responses that promote malignant tumor invasion and metastasis. IL interleukin, TNF tumor necro- 
sis factor, TGF transforming growth factor, EGFR epidermal growth factor receptor, HGF/SF 
hepatocyte growth factor/scatter factor, AP activator protein, NF-kB nuclear factor-kappa B, STAT 
signal transducers and activators of transcription, EGR early growth response, pl4/16 protein 14 
and 16 kDa, p53 protein 53 kDa, BCL-XL BCL2-related protein, long isoform, MMP matrix metal- 
loproteinase, GRO growth-regulated oncogene, VEGF vascular endothelial growth factor, GM-CSF 
granulocyte-macrophage colony-stimulating factor, PDGF platelet-derived growth factor 
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SCC produces a repertoire of factors in vitro and in situ that includes IL-la, IL-6, 
IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF), GRO-1, and 
VEGF (Chen et al. 1998, 1999; Loukinova et al. 2000). Tumor fibroblasts have 
been shown to produce HGF (Tamura et al. 1993). IL-6, IL-8, GRO-1, VEGF, and 
HGF are of sufficient stability and are produced at high enough concentrations that 
they have been detected in the serum of patients (Dong et al. 2001a; Druzgal et al. 
2005; Chen et al. 1999; Allen et al. 2007a). Decreasing cytokine levels were asso- 
ciated with response, while increasing levels were related to progression of 
recurrence (Druzgal et al. 2005). 

IL-1 is a cytokine that can regulate NF-kB activation and expression of several 
of the other factors detected in squamous cell carcinoma (Chen et al. 1998). IL-1 
can serve as an autocrine factor to stimulate HNSCC to produce IL-6, IL-8, 
GM-CSF, and VEGF, and as a paracrine factor to stimulate production of HGF by 
stromal fibroblasts (Fig. 10.2). In addition, IL-1 has important systemic regulatory 
effects as an important mediator of acute-phase reactions, increased catabolic state, 
and cachexia, often observed in patients with aggressive HNSCC (Chen et al. 1998; 
Chen et al. 1999). IL-1 and IL-6 both can have direct effects as autocrine or para- 
crine factors that can stimulate proliferation of HNSCC cells (Hong et al. 2000; Lee 
et al. 2006; Wolf et al. 2001; Squarize et al. 2006). 

IL-8 and GRO-1 are both members of a related family of chemoattractant and 
proliferative factors that contain a cysteine-X-cysteine (C-X-C) amino acid motif. 
IL-8 and GRO-1 have been shown to serve as chemoattractants for neutrophils, 
monocytes, and endothelial cells, which are major constituents of the inflammatory 
response in HNSCC (Fig. 10.2). Loukinova et al. have shown that expression of 
Gro-1, the murine homologue of GRO-1 and IL-8, promotes aggressive growth and 
metastases, angiogenesis, and inflammatory cell infiltration in SCC (Loukinova 
et al. 2000). The aggressive pattern of growth is reversed in knockout mice defi- 
cient in CXC receptor 2, the receptor for the chemokine. These results provide 
direct evidence that tumor factors and the host response induced by them are criti- 
cal in tumor progression and metastasis of squamous cell carcinoma. Kitadai et al. 
have shown that IL-8 has similar effects on growth of other histologic types of 
human tumors as xenografts in mice (Kitadai et al. 1999). Young et al have shown 
that GM-CSF produced by squamous cell carcinoma may also play a role in the 


Fig. 10.3 (continued) After 1-2 weeks incubation, colonies of adherent cells with epithelial 
morphology surrounding the tumor nodules could be visualized. When monolayers reached confluency 
and were devoid of any visible fibroblasts, the cells were trypsinized for passage and expansion as cell 
lines in tissue culture flasks. The cell lines re-isolated from lymph nodes were designated as Pam-LY 
lines, and the cell lines re-isolated from lung nodules were designated as Pam-LU lines. The pictures 
on the right panels show gross and macroscopic appearance of Pam 212 primary tumor, as well as 
the lymph node and pulmonary metastases in BALB/c mice. The gross picture shows the primary 
Pam 212 tumor located in the inguinal region (P) with inguinal and axillary lymph nodes (LY) enlarged 
by metastases. The lung metastases (LU) are shown after staining lung with India ink. Histology of 
Pam 212 primary tumor (P), inguinal lymph node (LY), and pulmonary metastases (LU) were 
examined by light microscopy, and photomicrographs were taken at original magnification X200 
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Fig. 10.3 Establishment of the Pam 212 multistage progression and metastatic model. Neonatal 
keratinocytes of male BALB/c mice was isolated and cultured in vitro. After long-term culture, a 
spontaneously transformed cell line were derived and named as Pam 212. Subcutaneous injection 
of Pam 212 cells forms local SCC in syngeneic BALB/c mice. The metastatic Pam tumor model 
was established by inoculating Pam 212 cells into athymic nude BALB/c congenic mice, the result- 
ing tumors were cut into 1 mm 2 fragments, and -5-6 fragments were transplanted to normal 
BALB/c mice by injecting back into the flank. Two months after tumor transplantation, the tumor 
size reached or exceeded 1.5 cm in diameter, the mice were euthanized and the lymph nodes, lungs, 
and other organs were carefully examined and harvested for the histologic examination and lung 
staining. To establish the metastatic cell lines, Pam tumor metastases to the lymph nodes and lungs 
were excised and cut into pieces of 1-2 mm diameter and cultured in 24-well tissue culture plates. 
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activity of CD34 progenitors of granulocytes and endothelium, which they reported 
as associated with metastasis (Young et al. 1997). VEGF also promotes angiogen- 
esis and stimulates expression of avP3 and avP5 integrin heterodimers that are 
involved in migration of endothelial cells during angiogenesis. Inhibition of av 
integrins inhibits tumorigenesis of SCC in mice (Van Waes et al. 2000). 

Activation of the HGF/c-MET-Mediated Signal Pathway 
and Transcriptional Regulation 

HGF and its receptor c-MET, a proto-oncogene product which is a transmembrane 
tyrosine kinase (Bottaro et al. 1991), have been shown to promote mitogenic, 
motogenic, morphogenic and antiapoptotic effects in normal and malignant cells 
(Birchmeier et al. 2003; Matsumoto and Nakamura 1997; Birchmeier and Gherardi 
1998). Aberrant c-MET signaling through c-MET gene amplification, mutations, 
and autocrine or paracrine activation of c-MET receptor has been reported in a 
variety of human tumors, including breast, prostate, lung, pancreatic, bladder, and 
head and neck cancers (Jiang et al. 1999). HGF binds to the c-MET receptor and 
induces the activation of multiple signaling cascades which alter cellular adhesion, 
migration, and ECM integrity, ultimately leading to tumor invasion and metastatic 
behaviors (Jiang et al. 2005; Birchmeier et al. 2003; Matsumoto and Nakamura 
2006). Among the signal molecules downstream from c-MET receptor, GAB1 is a 
crucial scaffolding adaptor protein in responding to extracellular stimuli, through 
direct interaction with tyrosine phosphorylation sites (mainly pY1349) of c-MET 
receptor (Sachs et al. 2000; Maroun et al. 1999). The binding leads to a prolonged 
phosphorylation of GAB1, which mediates additional interactions and phosphory- 
lations of multiple molecules, such as SHP2, PI3K, phospholipase C, and CRK 
through their SH2 domains (Gu and Neel 2003; Rosario and Birchmeier 2003). 
The activation cascades of the intermediate kinases and phosphotases lead to the 
activation of the RAS, RAF, and ERK/MAPK pathways. The GAB 1-SHP2-ERK/ 
MAPK cascade regulates ETS/AP1 transcription factors and adhesion molecules, 
which control cell proliferation, junction formation, and cell migration (Maroun 
et al. 1999; Potempa and Ridley 1998; Ridley et al. 1995; Birchmeier et al. 2003). 
Both ERK/MAPK and the PI3K pathways contribute to c-Met-mediated cell adhe- 
sion, spreading, and motility (Potempa and Ridley 1998), and PI3K-activated AKT 
primarily controls cell survival (Fan et al. 2001; Xiao et al. 2001). Other molecules 
downstream from the c-Met receptor, such as RAS, RAC1, and PAK, control 
cytoskeletal rearrangement and cell adhesion (Ridley et al. 1995; Royal et al. 2000). 
RAP1 regulates cell motility (Sakkab et al. 2000; Lamorte et al. 2000), and JNK, 
STAT3, and NF-kB participate in c-MET signaling pathways directly or indirectly, 
leading to cell transformation, anchorage-independent growth, and branched 
endothelial tubule formation (Boccaccio et al. 1998; Zhang et al. 2002; Schaper 
et al. 1997; Muller et al. 2002). 
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HGF/c-MET signaling promotes vascular endothelial cell migration and angio- 
genesis in tumors such as papillary carcinoma, breast and prostate cancers, and 
head and neck cancers (Grant et al. 1993; Scarpino et al. 2003; Davies et al. 2003; 
Di Renzo et al. 1991; Dong et al. 2001a; Dong et al. 2001b). The mechanisms of 
action have been shown to be direct activation of the PI3K/AKT and ERK7MAPK 
pathways in endothelial cells (Sengupta et al. 2003), with induction of VEGF or 
IL-8 (Dong et al. 2001a) and inhibition of thrombospondin- 1 (Zhang et al. 2003). 
Activation of the HGF/c-MET signaling cascade also results in the phosphoryla- 
tion, ubiquitylation, and degradation of the E-cadherin and cadherin-associated 
proteins (Matteucci et al. 2006). The loss of E-cadherins disrupts tight junctions 
leading to detachment of malignant cells from the primary site of tumor formation 
(Hiscox and Jiang 1997). In addition, HGF has been shown to induce phosphoryla- 
tion of focal adhesion kinase (FAK) (Beviglia and Kramer 1999; Liu et al. 2002; 
Lai et al. 2000), which is involved in integrin-mediated signal transduction and aids 
in cell motility. HGF/c-MET signaling stimulates detachment and increases mobil- 
ity of tumor cells, which is coupled with the induction of tumor cell's binding to 
and degradation of the basement membrane and ECM. HGF/c-MET signaling has 
also been found to increase the localization of mechanical linkers of the cytoskel- 
eton, termed paxillins, to integrins (Liu et al. 2002) and to increase the expression 
of the a2 and a3 subunits of the integrin receptor (Beviglia and Kramer 1999; 
Lai et al. 2000). The increase in attachment is followed by the breakdown of the 
barrier by proteolytic enzymes. HGF/c-MET signaling has been reported to stimu- 
late production of uPA-dependant proteolytic network (Nishimura et al. 2003), 
MMPs, and tissue inhibitors of matrix metalloproteinases (TIMPs) (Gong et al. 
2003). Once the tumor cell has broken the barrier formed by the basement mem- 
brane and the ECM, HGF/c-MET signaling promotes the interaction of tumor cells 
with endothelial cells in the organs that the tumor spreads to by increasing the 
expression of adhesion molecules such as CD44 (Hiscox and Jiang 1997) on the 
endothelium and the tumor cell (Mine et al. 2003). This increase in the interaction 
of the tumor cells with the endothelium of blood vessels ultimately enables tumor 
cell invasion and the resulting metastasis to distant tissues. 

In cancers of epithelial origin, HGF is expressed predominately by stromal cells, 
whereas the c-MET receptor is mainly expressed by cancer cells (Kolatsi-Joannou 
et al. 1997). Activation of c-MET in HNSCC occurs often through HGF-dependent 
paracrine mechanisms (Dong et al. 2001a; Dong et al. 2004). HGF has been impli- 
cated as an important factor produced by stroma and contributes to the malignant 
phenotypes (Matsumoto and Nakamura 1997; Matsumoto et al. 1996). In vivo, tumor 
cells modify their microenviornment by producing factors that stimulate production 
of HGF by stromal cells. JL-1, IL-6, EGF, basic fibroblast growth factor (FGF), 
PDGF, and TGF-a are a few of the signaling molecules produced by tumor cells that 
induce HGF production by stromal cells (Nakamura et al. 1997; Gohda et al. 1994; 
Seslar et al. 1995). Activation of c-MET receptor in cancers has also been identified 
through activating mutations in both sporadic and inherited forms of human renal 
papillary carcinomas (Danilkovitch-Miagkova and Zbar 2002), as well as in HNSCC 
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and other metastatic lesions (Di Renzo et al. 1991). Such mutations alter sequences 
within the kinase domain, leading to ligand-independent activation of the receptor's 
tyrosine kinase (Liang et al. 1996). In addition, other oncogenes such as activated 
RAS can induce c-MET overexpression through transcriptional mechanisms (Furge 
et al. 2001; Ivan et al. 1997), and mouse models reveal that tumor cells achieve 
increased signaling by overexpression of HGF or c-MET receptor (Takayama et al. 
1997; Stabile et al. 2006; Patane et al. 2006; Dong et al. 2004). 

Human HNSCCs have been shown to express, with activated c-MET, an 
increased responsiveness to HGF, leading to increased angiogenesis and metasta- 
sis, directly through the promotion of scattering and migration and indirectly 
through the induction of proinflammatory and proangiogenic factors, including 
IL-8, VEGF, and PDGF (Dong et al. 2001a; Worden et al. 2005). The invasion 
and metastasis mediated by HGF-dependant c-MET activation have been demon- 
strated with in vitro models in which invasion of collagen gel (a model of the 
ECM) by oral squamous cancer cells is enhanced with stromal cells or stromal- 
derived conditioned media (Matsumoto et al. 1989). In vivo animal models also 
support the importance of stromal cells in accelerating growth, invasiveness, and 
metastasis of epithelial malignancies (Camps et al. 1990; Jiang et al. 1999; 
Weidner et al. 1990; Nakamura et al. 1997; Dong et al. 2004). Such experimental 
evidence is supported by clinical investigations showing that elevated HGF level 
has been found in HNSCC patients' serum, which is correlated with increased 
serum levels of IL-8 and VEGF, as well as the poor prognosis (Dong et al. 2001a). 
HGF-induced c-MET activation in HNSCC leads to activation of the PI3K/Akt, 
ERK7MAPK, and PKC pathways (Dong et al. 2001a; Worden et al. 2005) and 
also activates another transcription factor, EGR-1 (Worden et al. 2005). EGR-1 in 
turn can increase the levels of PDGF and VEGF contributing to HNSCC angio- 
genesis (Worden et al. 2005). 

EGR1 is a less studied transcription factor, which belongs to a family of related 
zinc finger transcription factors including EGR-2, EGR-3, and EGR-4 (Mages 
et al. 1993; Sukhatme et al. 1988). Activation of EGR-1 is mainly through rapid 
and transiently induced expression in response to diverse environmental stimuli 
including mitogens, tissue injury, irradiation, neuronal excitation, and differentia- 
tion signals (Wright et al. 1990; Cao et al. 1992; Gashler and Sukhatme 1995). 
Mitogens activate ERK pathway and stimulate EGR-1 biosynthesis, which pro- 
mote cell proliferation (Kaufmann et al. 2001; Kaufmann and Thiel 2002; Gashler 
and Sukhatme 1995; Biesiada et al. 1996). Overexpression of EGR-1 has been 
observed in human prostate cancers (Eid et al. 1998) and modulates the androgen 
receptor mediated signaling pathway (Yang and Abdulkadir 2003), which directly 
correlates with the degree of prostate cancer malignancy in patients (Salah et al. 
2007) and in an animal model (Abdulkadir et al. 2001). In kidney, colon, and blad- 
der cancers, upregulated EGR-1 expression has been observed and is consistent 
with aggressive phenotypes (Hong et al. 2007; Nutt et al. 2007; Scharnhorst et al. 
2000). In human colorectal cancer with a high expression of EGFR, suppression 
of EGFR expression inhibited cancer growth through the reduction of the transac- 
tivating activity of EGR-1 (Chen et al. 2006). In addition, the roles of EGR-1 in 
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the metastasis have been shown to increase heparanase, an enzyme that mediates 
degradation of the ECM in prostate and bladder cancers (Ogishima et al. 2005a; 
Ogishima et al. 2005b). Several growth factors, including IGF- II and TGF-pi have 
been identified as target genes of EGR-1 (Khachigian et al. 1996; Khachigian 
et al. 1995; Svaren et al. 2000). Studies by our group and others indicate that 
EGR-1 regulates a spectrum of genes implicated in enhancing tumor progression 
and metastasis. 


Pam 212 Syngeneic Model of Progressive and Metastatic 
Squamous Cell Carcinoma 

Establishment of the Pam 212 Multistage Progression 
and Metastatic Model 

As discussed above, invasion and metastatic tumor progression of HNSCC involve 
multiple genetic alterations resulting in downstream phenotypic changes that con- 
fer a selective advantage for neoplastic cells to escape from regulatory mechanisms. 
Development of a syngeneic experimental animal model of SCC tumor progression 
and metastasis provides many advantages over studies using in vitro model systems 
or those with human tumor specimens, which has helped us to identify some of the 
genetic and phenotypic changes necessary for escape from both cellular and host 
control mechanisms on a defined genetic background. To identify some of the 
molecular alterations associated with SCC progression and metastasis, we devel- 
oped a multistage murine model for comparison of cells transformed in vitro and 
of variants of the same lineage selected following primary tumor formation and 
metastasis in the host environment in vivo. The murine cell line Pam 212 was previ- 
ously derived by the spontaneous transformation of a primary culture of neonatal 
BALB/c keratinocytes by the Yuspa laboratory in the absence of host selective 
factors (Fig. 10.3) (Yuspa et al. 1980). The Pam 212 cell line was found to produce an 
invasive SCC which rarely gives rise to metastases when inoculated in syngeneic 
BALB/c mice (Fig. 10.3) (Chen et al. 1993; Chen et al. 1995). To establish more 
aggressive cell lines with metastatic potential, we re-isolated and adapted cell lines 
from the rarely occurring metastases that arose from Pam 212 tumors in vivo 
(Fig. 10.3) (Chenetal. 1997). 

We compared the characteristics of the re-isolated and Pam 212 parental cell 
lines and found that they shared features of epithelial morphology, cell surface 
expression of the P4 integrin, and expression of K6 and K14 cytokeratin markers. 
All of the re-isolated tumor lines tested were tumorigenic and formed primary 
(100%) and metastatic tumors (60%) with increased incidence in BALB/c recipi- 
ents. An overall decrease of 30-60% in survival time was observed in recipients 
inoculated with the Pam metastatic re-isolates when compared with the recipients 
of the parental Pam 212 line. Interestingly, however, when growth of the parental 
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and re-isolated cell lines was compared in MTT assay in vitro, no significant 
growth advantage of the re-isolated Pam cell lines was observed, suggesting that 
the growth advantage of the variants observed in vivo occurs as a result of tumor 
changes that enhance tumor-host interaction. The host selection presumably 
favors the outgrowth of variant subpopulations with a more aggressive phenotype 
that is better adapted for the growth and formation of primary and metastatic 
tumors in vivo (Chen et al. 1997). 


Metastatic Pam 212 Re-isolated Cell Lines Expressed 
Elevated Proinflammatory and Proangiogenic Cytokines 

Based on the observation that the increased growth and metastatic potential of the 
metastatic Pam re-isolates were due to a tumor-host cell interaction, we studied the 
tumor-host interaction in depth, and found that the Pam 212 re-isolates induce a 
strong granulocyte response at the tumor site and in the spleen of the host. We 
observed that the strong granulocyte response at the tumor site was due to the ele- 
vated expression of the proinflammatory cytokines, IL-la, IL-6, Gro-1, and 
GM-CSF, which were found to be produced by the re-isolated but not the paretnal 
PAM 212 cell lines (Smith et al. 1998). These proinflammatory cytokines have 
been detected at elevated levels in tissue homogenates, serum, or supernatants of 
cell lines derived from patients with HNSCC (Chen et al. 1998; Chen et al. 1999; 
Young et al. 1997; Young 2000). Individual members of the proinflammatory 
cytokine family such as IL-1, IL-6, IL-8, and GRO-l(also called KC or Gro-a) have 
been shown to directly promote growth of SCC tumors (Wolf et al. 2001 ; Lee et al. 
2006; Loukinova et al. 2000; Hong et al. 2000; Squarize et al. 2006). Expression of 
IL-1, IL-6, IL-8, and GM-CSF has also been associated with increased metastasis 
in different experimental tumor models (Young 2000; Chen et al. 1997; Smith et al. 
1998; Yoon et al. 2007). When gene expression profiles of the parental and meta- 
static variant cell lines are compared by mRNA differential display, the metastatic 
variants are found to have increased levels of the mRNA encoding murine Gro-1, 
the ortholog of human GRO-1, and IL-8 (Loukinova et al. 2000). The observation 
that Gro-1 expression is increased in association with tumor progression in vivo 
suggested the hypothesis that increased expression of this and possibly other proin- 
flammatory cytokines by SCC may be promoted by interactions in the tumor-host 
environment. To test this, PAM-Gro-1 transfectants were generated and displayed 
an increased rate of growth and metastasis in BALB/c mice, similar to the highly 
malignant phenotype observed in spontaneously occurring metastatic variants. 
Furthermore, the PAM-Gro-1 tumors showed an increase in infiltration of host 
leukocytes and CD31+ blood vessels, consistent with increased CXC chemokine 
activity. The increased growth of PAM-Gro-1 cells was attenuated in CXCR-2- 
deficient mice, indicating that the increased growth was dependent in part upon 
host cells responsive to the CXC chemokine. Together, these results show that a 
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CXC chemokine such as Gro-1 can promote malignant growth of murine SCC by 
a host CXCR-2-dependent pathway (Loukinova et al. 2000). 


Multiple Genes Upregulated with Murine SCC Tumor Progression 
and Metastasis are Related to the NF-kB Signal Pathway 

To investigate the molecular mechanisms of SCC tumor progression from the Pam 212 
to the Pam LY metastatic variants, molecular profiling was performed using a first 
generation 4,000 element murine cDNA microarray (Dong et al. 2001b). Through this 
analysis, we identified several groups of genes upregulated during tumor progression, 
that are involved in (1) immunologic, inflammatory, and angiogenesis responses, 
including Gro-1 (KC), complement component 3, IL-12B, CSF-1, and osteopontin 
(OPN); (2) signal transduction and regulation of gene expression and DNA replication, 
including c-Met, Yapl, neurotrophic receptor tyrosine kinase, HMG-l(Y), and replica- 
tion protein A (14 kDa subunit); and (3) modulation of cell cycle and apoptosis, includ- 
ing cdc25, cyclin Dl, PCNA, cIAP-1, Fas ligand (FasL), PEA-15, Nedd8, and 
ubiquitin-activating enzyme El. Bioinformatic analysis revealed that many of the 
genes are targets of or involved in the regulation of the NF-kB signal transduction 
pathway (Dong et al. 2001b). Activation of the NF-kB target genes, including cytok- 
ines, has been implicated in the promotion of transformation and survival of tumor 
cells. We found that metastatic cell lines selected in the host environment exhibit an 
increase in constitutive and TNF-a-inducible expression of proinflammatory cytok- 
ines when compared with parental Pam 212 cells. The increased cytokine expression 
was associated with an increase in constitutive and TNF-inducible activation of 
NF-kB. Constitutive nuclear localization of NF-kB p65 was observed in LY-2 and 
LY-8 cells in culture and in vivo (Dong, et al. 1999). To inhibit activation of NF-kB, 
cells can be transfected to express a mutant form of IkB, which lacks the serine 32 and 
36 position phosphorylation sites required for signal activation, ubiquitylation, and 
proteasome degradation, thus binding up NF-kB in inactive form in the cytoplasm. 
Overexpression of IkBo-M in Pam 212 cells inhibited TNF-a-induced activation of 
NF-kB and cytokine expression (Dong et al. 1999), and the proteasome inhibitor bort- 
ezomib suppressed NF-kB activation and Gro-1 production in vitro and tumor growth 
in vivo (Chen et al. 2008; Sunwoo et al. 2001). These data indicate that activation of 
NF-kB is an important molecular controlling mechanism for proinflammatory 
cytokine expression during metastatic tumor progression of SCC. 

We further examined the diversity of genes differentially expressed among 
the various stages of tumor progression and determined the effect of condition- 
ally inhibiting NF-kB in Pam LY-2 cells by expressing IkBo.M in a subsequent 
study using a second-generation 15,000 element cDNA microarray (Loercher 
et al. 2004). Cluster analysis identified 308 genes that exhibited more than two- 
fold difference in expression between keratinocytes, transformed Pam 212, 
metastatic Pam LY-2 cells, and Pam LY-2 cells expressing IkBoiM induced by 
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doxycycline treatment. Three dominant patterns were detected that clustered 
according to the step-wise differences in phenotype between keratinocytes, Pam 
212, Pam LY-2 cells. Expression of IicBaM in Pam LY-2 results in restoration of 
the expression patterns observed in keratinocytes. The full list of upregulated 
and downregulated genes associated with malignant progression, shown through 
inhibition of NF-kB following induction of IkBoiM expression, is available at 
http://www.nidcd.nih.gov/research/scientists/vanwaesc.asp. The genes were 
also classified according to putative function and published associations with 
NF-kB as determined by search of bioinformatic databases (National Center for 
Biotechnology Information, NCBI). Many genes detected as upregulated in Pam 
LY2 metastatic cells have previously been associated with NF-kB. These genes 
and additional ones identified in this study contain NF-kB binding sites at their 
promoter regions; many genes are downmodulated when NF-kB is inhibited 
(Loercher et al. 2004). 

HGF/c-Met Signaling in Pam 212 Tumor Progression 
and Metastasis 

As a result of the molecular profiling studies comparing the multistage Pam 212 
progression and metastasis murine model , we were able to identify an interesting 
candidate from a pool of cDNA fragments overexpressed in the metastatic pheno- 
type (Dong et al. 2004). We confirmed that the candidate cDNA is derived from the 
untranslated region of the gene encoding murine c-Met, the homolog of human 
c-MET. As previously discussed, c-MET, together with its ligand, HGF, contributes 
to cell survival, migration, and endothelial proliferation (Birchmeier et al. 2003). 
We examined the role of HGF/c-Met pathway on expression of angiogenesis factors 
and on promotion of tumorigenesis and metastasis in our syngeneic murine Pam 
212 SCC model, and we found that the mRNA and protein expression of c-Met 
were significantly elevated in the SCC cells derived from lymph node and lung 
metastases when compared with parental or transformed keratinocytes. Constitutive 
and HGF-induced c-Met phosphorylation was more profound in Pam 212 meta- 
static re-isolates. Significantly increased immunostaining intensities of HGF and 
c-Met receptor were observed in the tumor specimens isolated from the Pam 212 
metastatic Pam-LY cell lines. In addition, HGF induced significantly higher levels 
of Gro-1 and VEGF production in the metastatic re-isolates than in the parental cell 
lines and induced the scattering effect only in the metastatic re-isolates. When 
engineered to overexpress HGF in the tumor microenvironment, Pam LY SCC cells 
exhibited increased tumorigenic and metastatic potential in vivo. Our data indicate 
that metastatic SCC cells that overexpress c-Met exhibit angiogenesis factor 
expression and enhanced scattering in response to HGF in vitro and tumorigenesis 
and metastasis in response to HGF in the tumor microenvironment in vivo. The 
contribution of HGF/c-Met activation to coexpression of angiogenesis factors, 
tumorigenesis, and metastasis makes it an important therapeutic target for SCC. 
Our data from the Pam 212 multistep tumor progression and metastatic model are 
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consistent with the conclusions derived from investigations of human HNSCC 
specimens, supporting the notion that the findings in the Pam 212 tumor model are 
relevant for HNSCC progression and metastasis. 


Summary and Future Directions 

To date, studies of the signal transcription factor pathways altered in HNSCC have 
revealed that these cancers usually undergo functional loss or alteration of compo- 
nents of the p53 tumor suppressor pathway (p53, pl4ARF, pl6INK4a) and 
enhanced autocrine or paracrine activation of growth factor and cytokine pathways, 
which activate a network of signaling pathways that regulate expression of target 
genes and proteins that mediate the phenotypic features of the malignant phenotype 
(Figs. 10.1 and 10.2). This includes autocrine activation by IL-1R, TNFR, and 
EGFR, which contribute to activation of the MAPK-AP-1, PI3K-NF-kB, and AKT- 
mTOR pathways; EGFR and IL-6R, which contribute to STAT3 activation; and 
HGF/c-MET, which contributes to activation of the MAPK, PI3K, RAS, PKC, and 
EGR1 pathways (Figs. 10.1 and 10.2). Groups of genes predominantly regulated by 
one or a combination of the factors AP-1 and NF-kB (CyclinD, MMPs, IL-8, 
GRO-1), NF-kB and STAT3 (BCL-XL), AP-1, EGR1, and mTOR (VEGF) are key 
molecular mediators of cell proliferation, survival, invasion, and angiogenesis 
(Figs. 10.1 and 10.2). 

The identification of these pathways and the recent appreciation that their 
inactivation or coactivation together forms a network that coregulates a diverse 
repertoire of genes (Yan et al. 2007, 2008) provide an explanation for the relatively 
low response rates observed with investigational monotherapy targeted to restore 
p53 or inhibit EGFR, MAPKs, NF-kB, or STAT3. The molecular pathogenesis of 
most HNSCCs appears to be highly complex and involves multiple pathways and 
transcription factors, as compared with some hematologic malignancies, in which 
fewer events may lead to malignancy. Therefore, the likelihood that targeting a 
single pathway will be a successful therapeutic strategy is low. In addition, these 
findings provide a rationale for future studies to more fully dissect the types and 
relative frequency of upstream events that lead to such global alterations, and how 
they regulate gene subprograms that determine pathogenesis and prognosis, which 
may serve as diagnostic and prognostic markers (Yan et al. 2007, 2008; Lee et al. 
2007; Nottingham et al. 2008). Further, these studies provide a foundation for 
investigation of agents that target such key events or a combination of agents that 
target these pathways at key regulatory points. For example, recent preclinical 
studies provide evidence for the fact that restoring p53 while inhibiting NF-kB or 
STAT3 has greater gene modulating and cytotoxic effects than targeting the indi- 
vidual pathways alone (Lee et al. 2008). Consistent with this, agents such as the 
antimalarial and anti-inflammatory drug quinacrine that reactivate p53 while inhib- 
iting NF-kB can have potent cytotoxic effects alone and together with standard 
chemotherapeutic agents such as cisplatin used for HNSCC (Friedman et al. 2007). 
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As drugs can target EGFR, IL-1, IL-6 or MAPKs, NF-kB, and STAT3 are identified, 
and it will be possible to explore the clinical activity of inhibiting the pathways that 
are coactivated in HNSCC. 
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Chapter 11 

Wnt/p-Catenin Signaling and Oral 
Cancer Metastasis 


Ge Zhou 


Abstract The Wnt/p-catenin signaling pathway participates in many physiologic 
events in embryogenesis and adult homeostasis, including cell fate specification, 
maintenance, and activation of stem cells. Dysregulation of Wnt/p-catenin sig- 
naling promotes uncontrolled cell growth, survival, and consequently results in 
epithelial-to-mesenchymal transition (EMT) and the development of familial and/ 
or sporadic epithelial cancers in a range of tissues such as colon, skin, liver, and 
ovary cancers. In squamous cell carcinoma of the oral cavity, SCCOC, its roles, 
however, are largely undefined. Although it is evident that constitutive activa- 
tion of the Wnt/p-catenin is frequently observed in oral cancer progression, only 
infrequent mutations have been found in genes encoding various components of 
this pathway that commonly mutated in other cancers. This suggests that Wnt/p- 
catenin signaling is probably activated by multiple mechanisms, including genetic 
and epigenetic alterations of the components in this signaling, and the alterations 
in other autocrine and/or paracrine factors that are involved in the regulation of this 
pathway. More importantly, the interaction between epithelial tumor cells and the 
different components of the surrounding microenvironment can locally affect the 
intracellular levels of Wnt/p-catenin signaling components and differentially trigger 
tumor cell sternness, cell proliferation, EMT, invasive behavior, and metastasis. 
The exact mechanisms by which this occurs still remain unclear. Therefore, further 
investigation is required for understanding the role of Wnt/p-catenin signaling in 
the tumorigenesis, tumor progression, and metastasis of SCCOC. 
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Introduction 

The Wnt family of secreted proteins is one of the most important families of 
intercellular signaling factors in animal development. These secreted cysteine- 
rich glycoproteins function as short-range ligands to activate receptor-mediated 
Wnt signaling pathways. It has been shown that activation of Wnt signaling func- 
tions as a "master switch" for proliferation versus differentiation (van de Wetering 
et al. 2002), and regulates proper tissue development in embryos and tissue 
homeostasis in adults. This is achieved by directing a specific set of genes that 
strictly regulate cell growth, survival, apoptosis, and cell motility. The signaling 
cascades initiating these processes include the widely studied canonical Wnt/p- 
catenin pathway, as well as a variety of noncanonical pathways. In normal epithe- 
lium, the Wnt/p-catenin signaling pathways have been shown to control the cell 
fate specification, maintenance, and activation of stem cells, and dysregulation of 
the Wnt/p-catenin pathway promotes uncontrolled cell growth, survival, and 
consequently results in epithelial-to-mesenchymal transition (EMT) and the 
development of familial and/or sporadic epithelial cancers in a range of tissues 
including colon, skin, liver, and ovarian cancers (Morin and Weeraratna 2003; 
Moon et al. 2004; Nelson and Nusse 2004; Taketo 2004; Huber et al. 2005; Reya 
and Clevers 2005; Clevers 2006; Blanpain et al. 2007; Polakis 2007). 

So far, the Wnt signaling pathway has been well studied in a number of cancers, 
most notably colorectal carcinoma (Giles et al. 2003). In the majority of colorectal 
cancers, the mutational inactivation of adenomatous polyposis coli (APC), an impor- 
tant component of P-catenin destruction complex in the Wnt pathway, is an early 
event (Vogelstein et al. 1988). This leads to the stabilization of the cytoplasmic pool 
of P-catenin, and subsequent accumulation and translocation to the nucleus where it 
associates with T-cell factor/lymphoid enchancer factor- 1 (TCF/LEF1) and stimulates 
the transcription of Wnt/p-catenin signaling target genes. In addition, some colorectal 
cancers exhibit activating P-catenin gene mutations, which result in constitutive 
activation P-catenin /TCF transcriptional activities (Sparks et al. 1998). Thus, both 
an inactivating APC mutation and activating P-catenin mutation eventually lead 
to initiation of constitutive Wnt/p-catenin signaling activation and colon cancer 
progression (Segditsas and Tomlinson 2006; Polakis 2007). 

In contrast to colorectal cancers, the tumorigenesis and tumor progression of 
oral cancer is a complicated process that involves multiple steps characterized with 
different epigenetic and genetic alterations. While it is evident that constitutive 
activation of the Wnt/p-catenin is frequently observed in oral cancer, only infre- 
quent mutations have been found in genes encoding various components of this 
pathway that commonly mutated in other cancers, such as those encoding APC and 
P-catenin in colorectal cancer. Therefore, Wnt/p-catenin signaling is probably acti- 
vated by changes in the expression of genes encoding proteins directly involved in 
the signaling pathway or associated with the positive/negative regulation of this 
pathway. However, detailed molecular mechanisms involved are far from being 
understood. So, dissection of the Wnt/p-catenin pathway in oral cancer should 
provide great insights into the molecular and cellular mechanisms involved in the 


1 1 Wnt/(3-Catenin Signaling and Oral Cancer Metastasis 


233 


initiation, progression, and metastasis of oral cancers. In this chapter, we present a 
brief overview of the pathway's components and the process of Wnt/p-catenin sig- 
naling transduction. The current literature regarding the Wnt/p-catenin signaling 
pathway in tumorigenesis, tumor progression, and metastasis of different cancers 
including oral cancer are reviewed and discussed. 


Components of Canonical Wnt/^-Catenin Signaling 

Wnt proteins, once bound to their receptors, can activate at least one of the three 
different pathways: (1) the canonical Wnt/p-catenin signaling pathway, (2) the 
Wnt/planar cell polarity pathway, and (3) the Wnt/calcium pathway (Veeman et al. 
2003). The type of Wnt proteins secreted determines which of these three signal- 
ing cascades is activated. Thus, the Wnt ligands and their receptors usually can be 
loosely classified in accordance with the pathway(s) that they activate. However, 
this is not a strict classification because there is a degree of promiscuity in the 
Wnt-receptor interactions. In canonical Wnt/p-catenin signaling, the Wnts activat- 
ing this pathway trigger a signaling cascade of events within the cell, which leads 
to stabilization and increased levels of the free cytoplasmic pool of P-catenin, and 
the subsequent nuclear translocation of this protein to regulate gene transcription. 
Since this pathway is the most widely studied and understood, we focus here on 
the canonical Wnt/p-catenin signaling (Fig. 11.1), its regulation as well as its 
physiological functions. 


Extracellular and Cell Membrane Components 

Wnts are a large family of secreted glycoprotein ligands characterized by a high 
number of conserved cysteine residues that are expressed in species ranging from 
Drosophila to man (Giles et al. 2003). All Wnt signaling pathways are initiated 
following Wnt ligand binding to a membrane of the Frizzled (Fzd) family of seven- 
spanning transmembrane receptors. So far, at least 19 Wnt ligands and 10 Fzd 
receptors have been identified in the human genome (http://www.stanford. 
edu/~rnusse/wntwindow.html). The pathway also requires an additional single 
spanning transmembrane protein, the low-density lipoprotein receptor-related pro- 
tein (LRP). In the presence of Wnt binding, Fzd and LRP are associated with each 
other, forming a trimeric complex that activates a cascade of intercellular signaling 
(Giles et al. 2003). In addition, at least two types of proteins that are unrelated to 
Wnt factors can activate the Fzd/LRP receptors. One of these factors is Norrin, 
which binds to Fzd 4 and activates the canonical signaling pathway in an LRP5/6- 
dependent manner (Xu et al. 2004). Other factors are R-spondins that interact with 
LRP6 and Fzd8 and activate the Wnt reporter genes (Nam et al. 2006). Finally, Wnt 
signaling is blocked by two groups of extracellular Wnt antagonists depending 



Fig. 11.1 An overview of canonical Wnt/p-catenin signaling pathway, (a) In the absence of 
soluble Wnt ligand, P-catenin is captured by APC and axin within the p-catenin destruction 
complex, facilitating its phosphorylation by the kinases CKla and GSK3p. CKla and GSK3P 
then sequentially phosphorylate a conserved set of serine and threonine residues at the /V-terminus 
of P-catenin. The phosphorylation of P-catenin facilitates binding of the P-TRCP, which subse- 
quently mediates the ubiquitinylation and efficient proteasome-mediated degradation of 
P-catenin. The decreased level of P-catenin ensures that the nuclear TCF transcription factor 
family actively represses target genes by recruiting transcriptional repressor Groucho/TLE to 
their promoter and/or enhancer. In addition, a-catenins also constitutively bind to E-cadherin 
through P-catenin to form adherens junction. The interactions at the junction are dynamic and 
involve many other proteins, (b) In response to Wnt ligand binding to its specific receptor com- 
plex containing a Frizzled family member and LRP triggers the formation of Dsh-Frizzled com- 
plexes and phosphorylation of LRP by CKly, facilitating relocation of Axin to the membrane and 
the inactivation of destruction complex and. This enables p-catenin to accumulate and translo- 
cate to the nucleus, where P-catenin interacts with members of TCF family and converts them 
into potent transcriptional activator by displacing Groucho/TLE protein and recruiting an array 
of coactivators including CBP, BRG-1, Legless and Pygopus, etc. This ensures efficient activa- 
tion of TCF target genes such as c-Myc, which promote the cell to actively proliferate and remain 
in an undifferentiated state (Barker and Clevers 2006). APC adenomatous polyposis coli; fi-Trcp 
P-transducin repeat containing protein; GSK3ji glycogen synthase kinase 3P; CK casein kinase; 
SCF Skpl-Cullen-F-box; P phosphorylation 
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on their modes of action. One group, including soluble frizzled-related protein 
(SFRP), Wnt inhibitory factor (WIF) and Cerberus, inhibits Wnt signaling by 
directly binding to Wnt molecules, thereby preventing the binding of Wnt to Frz 
and the activation of the Wnt signaling (Piccolo et al. 1999; Kawano and Kypta 
2003; Clevers 2006). Another group includes the secreted Dickkopf (DDK) and 
Wise, which binds LRP5 or LRP6 and competes with Wnt ligands for Frz-LRP- 
receptor interactions and thus inhibits Wnt signaling (Clevers 2006). 


Cytoplasmic Components 

The central player in the canonical Wnt/p-catenin signaling is P-catenin, a tran- 
scriptional cofactor that localizes at the cell membrane and in the cytoplasm and 
plays a pivotal role in balancing both cell adhesion and Wnt signaling within the 
cell. In the absence of a Wnt signal, cytoplasmic P-catenin is actively degraded by 
a large multiprotein "destruction complex," which keeps the levels of free P-catenin 
below the threshold beyond which aberrant transcriptional activity will occur. 
Within this complex, the tumor suppressor protein Axin forms a central scaffold as 
it directly interacts with all other components: P-catenin, the tumor suppressor 
APC, glycogen synthase kinase 3P (GSK3P), casein kinase Ia-(CKIa), protein 
phosphatase 2A (PP2A) (Fig. 11.1) (Giles et al. 2003; Barker and Clevers 2006; 
Clevers 2006), and the Wilms tumor suppressor (WTX) (Major et al. 2007). APC 
can also bind P-catenin and PP2A, but GSK3P, in contrast to other members of this 
complex, only has binding sites for Axin and thus cannot directly associate with 
either APC or P-catenin. Once the complex is formed, it is stabilized by the 
GSK3P-mediated phosphorylation of Axin and APC, and by the activity of PP2 
(Sakanaka et al. 1998; Seeling et al. 1999). Another important cytoplasmic compo- 
nent upstream of AXIN-APC-GSK3P complex is Dishevelled (Dsh), which is a 
phosphoprotein that sits at the signaling crossroads of the canonical and noncanonical 
Wnt pathway. CK1 can bind to and phosphorylate Dsh, promoting its function in 
the canonical pathway (Giles et al. 2003). 

In addition to cytoplsmic pool of P-catenin, P-catenin also binds tightly to the 
cytoplasmic domain of E-cadherin and plays an essential role in the structural orga- 
nization and function of adherens junctions (AJ) by linking E-cadherin through 
a-catenin to the actin cytoskeleton (Fig. 11.1). Binding of P-catenin to E-cadhein 
at adherins junctions, AJs sequesters P-catenin to the cell membrane, making it 
unavailable for translocation to nucleus and thereby inhibits Wnt signaling. In con- 
trast, signals which cause breakdown of AJs lead to an increase in the level of free 
cytoplasmic P-catenin, and consequent transcriptional activity (Nelson and Nusse 
2004). Therefore, it has been suggested that there is a dynamic interaction between 
the cytoplasmic pool and cell membrane pool of P-catenin, and that Wnt-related 
P-catenin is subjected to the regulation by AJ-mediated cell-cell adhesion. 
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Nuclear Components 

In the absence of Wnt, P-catenin should not translocate to the nucleus, and thus its 
target genes are not activated. However, once activated and translocated into the 
nucleus, P-catenin partners with members of the TCF/LEF family of transcription 
factors to activate the transcription of Wnt target genes (Behrens et al. 1996; 
Brunner et al. 1997; van de Wetering et al. 1997). The TCF/LEF family of tran- 
scription factors consists of four proteins (TCF1, LEF1, TCF3, and TCF4), which 
bind to DNA with the consensus binding motif (A/T)(A/T)CAA(A/T)G (Brantjes 
et al. 2002). P-catenin binds to these proteins and is an essential cofactor for the 
TCF/LEF family of transcription factors, but does not bind DNA directly. In the 
absence of nuclear P-catenin, the TCF/LEF proteins are found in complex with 
the transcriptional repressor Groucho and histone deacetylases (HDAC) to form a 
repressive complex that blocks the transcription of the Wnt target genes (Cavallo 
et al. 1998; Chen et al. 1999; Gordon and Nusse 2006). When P-catenin enters the 
nucleus, it directly replaces Groucho from its binding of TCF/LEF and converts 
the complex to a transcriptional activating complex, thereby stimulating the tran- 
scription of Wnt target genes. Other members of this activating complex are the 
histone acetylase CBP/p300 and the SWI/SNF chromatin-remodeling complex 
member Brg-1, and both of them facilitate chromatin remodeling as a prerequistite 
for transcriptional activation (Hecht and Kemler 2000; Takemaru and Moon 2000; 
Barker et al. 2001; Li et al. 2007). In addition, nuclear P-catenin/TCF activity is 
regulated by Legless (Lgs) and its binding partner Pygopus (Pygo) (Kramps et al. 
2002; Thompson et al. 2002). Lgs binds directly to the TV-terminus of P-catenin and 
serves as an adaptor to recruit Pygo to the P-catenin transactivation complex 
(Parker et al. 2002). It has also been reported that Pygo has a role in transporting 
P-catenin from the cytoplasm to nucleus (Townsley et al. 2004a) and functions as 
a critical link in the TCF/LEF complex by recruiting the transcriptional coactivating 
complexes to the DNA-bound TCF factors (Townsley et al. 2004b). 


Canonical Wnt Signaling Transduction (Fig. 11.1) 

In the absence of Wnt signaling, GSK3P phosphorylates the A^-terminus of P-catenin 
within the stabilized "destruction complex" in cytoplasm. There is a GSK3P recog- 
nition motif between amino acids 33 and 45 of P-catenin wherein lie four serine/ 
threonine residues targeted for phosphorylation. In order for GSK3P-mediated phos- 
phorylation to proceed, the motif must be primed by phosphorylation of the serine 
45 by Casein kinase la (CKIa). Thereafter, the remaining target residues (Thr-41, 
Ser-37, and Ser-33) are sequentially phosphorylated by GSK3P (Liu et al. 2002). 
Once phosporylated, P-catenin is recognized by the F-box/WD protein P-transducin 
repeat containing protein (P-TrCP), which, together with Skpl, Cullen and Rbx-1, 
constitutes the enzyme ubiquitin ligase (E3) (Hart et al. 1999; Latres et al. 1999). 
This, together with the ubiquitin conjugating enzyme (E2) and ubiquitin activation 
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enzyme (El), causes ubiquitination of P-catenin and its subsequent destruction by 
the proteasome-mediated degradation (Aberle et al. 1997). All four serine and threo- 
nine residues in the GSK3P-recognition motif of P-catenin must be phosphorylated 
in order to be recognized by P-TrCP to be targeted for subsequent degradation. 

In the presence of Wnt signaling, extracellular Wnt ligands initiate the pathways. 
However, the canonical Wnt signaling pathway will only be activated by interac- 
tion of Wnt ligands with Fzd receptor in the presence of the LRP5 or LRP6 (Pinson 
et al. 2000; Mao et al. 2001). The formation of the trimolecular complex (Wnt- 
Frizzled-LRP5/6) leads to recruitment of Dsh to the cell surface (through an 
unknown mechanism) and its phosphorylation by Kinases PAR-1 and CKII. 
The phosphorylated Dsh can form a complex with GSK3P, which serves to inhibit 
the activity of GSK3P (Kishida et al. 2001; Chen et al. 2003b; Wong et al. 2003). 
The Wnt-Fzd-LRP5/6 interaction also facilitates the recruitment of Axin to the 
cytoplasmic tail of LRP, which is mediated by phosphorylation of LRP on key resi- 
dues by the kinase CKly and GSK3 (Mao et al. 2001; Davidson et al. 2005; Zeng 
et al. 2005). As a result, Axin dissociates from the Axin-APC-GSK3P complex, 
thereby compromising the ability of the destruction complex to phosphorylate 
P-catenin (Brennan et al. 2004). Nonphosphorylated P-catenin cannot be recog- 
nized by P-TrCP, which leads to increased levels of the cytoplasmic pool and sub- 
sequent nuclear translocalization of P-catenin. 

The mechanism by which P-catenin translocates into the nucleus is not com- 
pletely clear, since it does not contain a nuclear localization signal and thus may be 
transported by other proteins. The APC protein has been shown to have a nuclear 
export function for P-catenin (Neufeld et al. 2000; Rosin-Arbesfeld et al. 2000). 
In addition, the Pygo protein can function as nuclear anchor to transport P-catenin 
to nucleus (Townsley et al. 2004a). When P-catenin enters the nucleus, it directly 
replaces Groucho/tranducin-like enhancer (TLE) proteins from its binding of TCF/ 
LEF, Lgs recruits Pygo to P-catenin and TCF/LEF is converted from a transcrip- 
tional repressor into an activator to induce the expression of downstream target 
genes (Fig. 11.1). Additionally, the activity of TCF/LEF itself may be modulated 
by signaling from the mitogen-activated protein kinase cascade composed of TAK1 
and NLK/Nemo (Ishitani et al. 2003a, b), P-catenin can also interact with other 
DNA-binding protein such as Pix2 and Propl to activate transcription in a TCF/ 
LEF independent manner (Kioussi et al. 2002; Olson et al. 2006). More impor- 
tantly, it is also shown that P-catenin can interact with Propl, or NF-kB, and act as 
a repressor to suppress transcription (Kim et al. 2005; Olson et al. 2006). These 
diverse pathways demonstrate the emerging complexity involved in the regulation 
of P-catenin nuclear activation. 

It is believed that different cell types respond to Wnt signaling by transcribing 
different (although often overlapping) sets of target genes. To date, many Wnt/p- 
catenin target genes that contain TCF/LEF binding-site in their promoters have been 
identified. Moreover, some target genes are involved in Wnt/p-catenin signaling (e.g., 
Axin 2, LEF1, etc.), suggesting a feedback mechanism implicated in regulation 
Wnt/p-catenin signaling. For the up-to-date list of Wnt/p-catenin target genes, the 
reader is referred to the Wnt signaling homepage (http://www.stanford.edu/~rnusse/ 


238 


G. Zhou 


wntwindow.html). In addition, studies using DNA microarrays have identified a large 
number of genes that undergo altered expression after disruption of Wnt signaling 
(Chen et al. 2003a; Paoni et al. 2003; Sansom et al. 2004). Since many of Wnt/p- 
catenin target genes are transcription factors (e.g., c-Myc, c-Jun, and Sox9, etc.) (He 
et al. 1998; Mann et al. 1999; Blache et al. 2004) that will in turn regulate their own 
genes. Some of the altered genes identified by microarrays may not be the true 
Wnt/p-catenin targets, and they may represent secondary effects of genes regulated 
downstream of Wnt signaling. Nevertheless, it has been shown that genes that are 
deregulated, whether as primary or secondary consequences of aberrant Wnt signal- 
ing, are implicated in a variety of different biological functions within cells. All these 
highlight the important role of Wnt/p-catenin signaling in cell growth, proliferation, 
animal development, and tumorigenesis and progression of many types of cancers. 


Wnt/p-Catenin Signaling and Epithelial Stem Cells 

The canonical Wnt/p-catenin signaling program has emerged as a critical regulator 
of stem cells, and studies have shown that this signaling virtually regulates all of 
the defined human adult stem cells systems, including skin, blood, intestine, and 
brain (Radtke and Clevers 2005; Reya and Clevers 2005). In many tissues, aberrant 
activation of Wnt/p-catenin signaling is associated with cancer, raising the possibil- 
ity that the tightly regulated self-renewal mediated by Wnt/p-catenin signaling in 
stem and progenitor cells may be dysregulated in cancer cells to allow malignant 
proliferation. Thus, knowledge gained from understanding how the Wnt signaling 
is implicated in both stem cell and cancer cell biology is of great importance in 
understanding the dual nature of self-renewal signals of this signaling pathway. 

Wnt/p-catenin signaling pathways often have multiple roles in stem cell linage 
determination within most if not all epithelial tissues. For example, in the intestine 
and mammary glands, nuclear P-catenin (the hallmarks of Wnt/p-catenin signaling) 
and TCF4 are prominently observed in the stem cell compartment (Barker et al. 
1999; Batlle et al. 2002). In mice deficient for Tcf4, the intestinal villus epithelial 
compartment appears normal but the crypt progenitor compartment is lost, imply- 
ing that physiological Wnt signaling is required for the maintenance of the intesti- 
nal crypt progenitor phenotype. Mice deficient for Lefl do not develop hair 
follicles, mammary glands, or teeth (van Genderen et al. 1994). When P-catenin is 
conditionally targeted, it results in an absence of follicle morphogenesis and the 
follicular stem cell niche (Huelsken et al. 2001; Lowry et al. 2005). Similarly, over- 
expression of the Wnt ligand inhibitor DDK-1 results in the loss of intestinal crypts 
and a failure to develop hair follicles and mammary glands (Andl et al. 2002; Chu 
et al. 2004). Together, all these studies suggest a specific role for Wnt/p-catenin in 
development and/or maintenance of epithelial stem cells (Blanpain et al. 2007). 

In healthy epithelial stem cells, it appears that there is an existence of a constant 
Wnt-active proliferative state and that P-catenin/TCF-4 complex constitutes the 
master switch that controls proliferation versus differentiation (van de Wetering 
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et al. 2002), indicating that Wnt/p-catenin signaling is required for stem cell 
renewal. By contrast, some stem cells such as hair bulge stem cells appear to reside 
in a Wnt-restricted environment, while P-catenin signaling is only activated in 
bulge stem cells during the transition from quiescent to growing phases of the hair 
cycle (DasGupta and Fuchs 1999; Merrill et al. 2001; Lowry et al. 2005), suggest- 
ing a role of Wnt/p-catenin signaling in stem cell activation. Consistent with this, 
mice expressing a constitutively stabilized form of P-catenin in the epidermis 
develop excess hair follicles (Gat et al. 1998; Van Mater et al. 2003; Lo Celso et al. 
2004; Lowry et al. 2005). Therefore, Wnt/p-catenin signaling is required for both 
stem cell renewal and activation in skin. 

Some Tcfs may also function in stem cells even when the levels of cytoplasmic/ 
nuclear P-catenin are low or absent. For example, it was found that Tcf3 is expressed 
in adult hair follicle stem cells at all stages of the hair cycle as well as in multipotent 
embryonic skin progenitors. Moreover, when Tcf3 expression is maintained postna- 
tally, it represses all three skin differentiation lineages (epidermal, sebaceous gland, 
and hair follicle differentiation) (Nguyen et al. 2006). These data suggest that in the 
absence of Wnt signals, Tcf3 may function in skin stem cells to maintain an undif- 
ferentiated state and, when P-catenin is stabilized (Wnt/p-catenin signaling is acti- 
vated), Tcf3 repression is relieved, and stem cells become activated to proliferate and 
embark upon hair-follicle linage differentiation (Blanpain et al. 2007). 

While Wnt/p-catenin signaling is important in stem cell activation and prolifera- 
tion, it is also used by stem cells to specify certain cell lineage. In skin, P-catenin/ 
TCF signaling promotes hair-shaft differentiation, and at excessive levels, tumors 
of this cell lineage arise (Gat et al. 1998; DasGupta and Fuchs 1999; Van Mater 
et al. 2003; Lo Celso et al. 2004). Similarly, increased Wnt signaling (1) leads 
neural crest stem cells to adopt a sensory neuronal fate (Lee et al. 2004); (2) 
instructs skeletal progenitors toward osteoblast rather than chrondrocyte differen- 
tiation (Day et al. 2005); (3) promotes Paneth cell differentiation in the intestine 
(van Es et al. 2005); and (4) stimulates lobulo-alveolar differentiation in the mam- 
mary epithelium (Tsukamoto et al. 1988; Teuliere et al. 2005). Therefore, Wnt/p- 
catenin is implicated in both stem cell proliferation and differentiation. 

More importantly, whether stem cells proliferate or differentiate in response to 
Wnt signaling is likely to depend upon factors that influence the levels and activa- 
tion of TCF/p-catenin complexes and their associated cofactors in a dosage- and 
context-dependent fashion. In the past years, studies have been focused on the iden- 
tification of Wnt/p-catenin downstream target genes signaling in epithelial stem 
cells (Batlle et al. 2002; van de Wetering et al. 2002; Lowry et al. 2005; Silva- Vargas 
et al. 2005; Nguyen et al. 2006). For example, in the hair follicle, the stabilization of 
P-catenin stimulates resting bulge stem cells to proliferate and regenerate hair follicles. 
Through transcriptional profiling of purified bulge stem cells during resting and 
active phases of the hair cycle using DNA microarray, it was discovered that during 
stem cell activation a number of genes associated with cell cycle progression are 
upregulated (Lowry et al. 2005). Similarly, when the levels of P-catenin are trans- 
genically elevated in quiescent stem cells, the transcription of some of these genes is 
elevated, providing insights into how Wnt signaling may promote stem cell activation. 
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More importantly, Wnt signaling in bulge stem cells did not upregulate the hair keratin 
genes that are induced at later stages of hair-follicle differentiation (Lowry et al. 
2005). Thus, as stem cells are activated and progress along a particular differentia- 
tion lineage, they appear to respond to different environmental cues and activate 
different sets of Wnt target genes. The multiplicity of transcriptional partners for 
P-catenin, together with the complex network of regulatory factors, is likely to con- 
tribute to the effect and potency of P-catenin/Lef 1/Tcf activity in cells. These regula- 
tory mechanisms of Wnt signaling are likely to impact on whether and when the 
stem cells will self-renew, become activated to proliferate, or embark upon a terminal 
differentiation program (Niemann 2006; Blanpain et al. 2007). 

Given the importance of Wnt/p-catenin in epithelial stem cell renewal, activation, 
and differentiation, it is perhaps not surprising to find its pivotal role in cancer stem 
cells. Cancer stem cells have been defined as cells within a cancer that have the 
extensive ability to self-renew and to differentiate into the heterogeneous lineages of 
cancers that comprise a tumor (Clarke et al. 2006). To date, the relationship between 
normal stem and cancer stem cells is still unclear. However, evidence to the fact that 
genetic alterations that disturb key stem cell features and affect cell cycle are linked 
to the induction of neoplastic transformation and that neoplastic cells with these 
alterations are clearly distinct from normal stem cells is gradually emerging. In addi- 
tion to Wnt/p-catenin signaling, it is generally believed that the Notch, hedgehog, 
transforming growth factor (TGF)p/bone morphogenic protein (BMP), and fibroblast 
growth factor (FGF) signaling networks are also implicated in the maintenance of 
tissue homeostasis by regulating self-renewal of normal stem cells as well as prolif- 
eration and differentiation of progenitor cells (Reya et al. 2001; Taipale and Beachy 
2001; Chamorro et al. 2005; Duncan et al. 2005; Katoh and Katoh 2006; McDonald 
et al. 2006; Radtke et al. 2006; Shackleton et al. 2006). Dysregulation of the "stem 
cell signaling" network in normal stem cells can lead to the transformation to cancer 
stem cells. Alternatively, acquisition of self-renewal potential in progenitor cells due 
to epigenetic change or genetic alteration of stem cell signaling-related genes gives 
rise to cancer stem cells. For example, constitutively stabilizing mutations in 
P-catenin are associated with a variety of human epithelial cancers, including adeno- 
carcinomas of the colon (Reya and Clevers 2005) and mammary gland (Teuliere et al. 
2005). More importantly, epithelial tumors generated by excessive Wnt signaling 
often display an increased frequency of cells with stem and progenitor cell properties, 
in contrast to tumors from mice expressing other oncogenes. In this regard, the Wnt 
signaling appears to be special if not unique in its ability to target stem cell and/or 
progenitor cells for neoplastic transformation (Blanpain et al. 2007). 


Wnt/p-Catenin Signaling and Cancers 


Wnt/p-catenin signaling pathways participate in many physiologic events in embryogen- 
esis and adult cell homeostasis, including cell fate specification, control of proliferation, 
and migration. Dysregulation of Wnt/p-catenin signaling is implicated in cancers. 
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Genetic and Epigenetic Alternations of Wnt/fi-Catenin Signaling 
in Cancers 

The APC gene was amongst the first tumor suppressors to be cloned. Mutations in the 
gene encoding the APC protein was first identified as the cause of one form of inherited 
colorectal cancer, familial adenomatous polyposis coli (FAP) (Groden et al. 1991; 
Kinzler et al. 1 99 1 ), and subsequently was found in sporadic colorectal, lung, ovarian, 
and breast cancers (Munemitsu et al. 1995; Wallis et al. 1999; Furuuchi et al. 2000; 
Wu et al. 2001; Ohgaki et al. 2004). Most of the APC mutations lead to a truncated 
protein, whereas loss of both APC alleles and deletions of the whole gene or exon(s) 
were also reported (Kinzler and Vogelstein 1996; Sieber et al. 2003). Mutational 
inactivation of APC leads to the inappropriate stabilization and activation of P-catenin 
(Rubinfeld et al. 1996). In addition to gene mutation, tanscriptional silencing of APC 
by epigenetic promoter methylation has been suggested as an alternative to the 
suppression of APC by somatic mutation (Esteller et al. 2000). 

Although the APC gene is mutated in the majority of sporadic colorectal cancers, 
it is infrequently mutated in other cancers originating outside of the gastrointestinal 
tract (Munemitsu et al. 1995; Wallis et al. 1999; Furuuchi et al. 2000; Wu et al. 2001; 
Ohgaki et al. 2004). Instead, mutations in P-catenin that abrogate its regulation by 
APC represent an alternative to Wnt activation and do occur more commonly in 
sporadic cancers outside of the gut. The best characterized alternatives to APC muta- 
tions are activating mutations of P-catenin (Ilyas et al. 1997; Morin et al. 1997). 
These either delete the whole of exon 3 or target individual serine and threonine 
residues encoded by this exon. These serines/threonines (codon 45, 41, 33, and 37) 
are phosphorylated by the CKla and GSK3P in destruction complex that contains 
APC, and hence their mutation causes GSK3P to escape from proteasomal degrada- 
tion. These mutations were first identified in sporadic colorectal cancers (Ilyas 
et al. 1997; Korinek et al. 1997; Morin et al. 1997) and in melanoma (Rubinfeld et al. 
1997), but subsequent studies indicated that they occur quite infrequently (<5%) in 
these cancers (Demunter et al. 2002; Johnson et al. 2005; Luchtenborg et al. 2005; 
Thorstensen et al. 2005). This demonstrated that /3-catenin mutations are not found 
together with APC mutations in colorectal cancers, indicating that changes in the 
two genes are alternatives in some way, although their functional effects are unlikely 
to be identical (Segditsas and Tomlinson 2006). 

Unlike in colorectal cancers, mutations in P-catenin are particularly common in 
endometrioid ovarian cancer, although their prevalence ranges widely (16-54%) in 
the various studies (Bell 2005). Interestingly, it has been shown that P-catenin 
mutations in this cancer are more frequent in low-grade, highly differentiated early 
lesions (Oliva et al. 2006) and are strongly associated with primary independent 
tumors and are not found in any metastatic tumors (Irving et al. 2005). This sug- 
gests that endometrioid ovarian cancers with P-catenin mutations are associated 
with a favorable prognosis and might have reduced the capacity to metastasize. 
Finally, tumors such as pilomatrixoma, heptoblastoma, and Wilms kidney tumors 
also frequently contain mutations in P-catenin (Giles et al. 2003). 
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Axin is another important part of the destruction complex for P-catenin. It is 
believed that it functions as a scaffold protein in the complex and loss of its expres- 
sion leads to increased Wnt/p-catenin signaling. Accordingly, loss-of-function muta- 
tions in Axin have been found in a variety of human cancers, including colorectal 
cancers, ovarian cancers, medulloblastoma, and hepatocellular carcinomas (Giles 
et al. 2003; Salahshor and Woodgett 2005). For example, one of the mutations in 
Axinl, L396M, leads to Axin inactivation by preventing binding of GSK3P (Webster 
et al. 2000). Additional missense mutations in the Axinl gene have been detected in 
germline of patients with multiple adenomatous polyps. Some of these mutations 
have also been found in unaffected individuals, but their increased frequency in 
cancer patients suggests that they contribute to a multifactorial inherited susceptibility 
to colorectal cancers (Fearnhead et al. 2004). In addition, at least some of the colorectal 
cancers with Axinl mutations also have APC mutation, suggesting that Axinl changes 
cannot be the sole cause of Wnt/p-catenin activation in these tumors. Recently, a 
new component, WTX, has been identified in the P-catenin destruction complex, 
which was shown to promote P-catenin ubiquitination and degradation (Major et al. 
2007). This gene was discovered to be mutated in approximately 30% of Wilms 
tumors (Rivera et al. 2007). Studies showed that constitutive activation of Wnt/p- 
catenin signaling is common in Wilms tumors: approximately 10% of tumors harbor 
activating mutations in P-catenin (Koesters et al. 1999), and nuclear P-catenin is 
observed in approximately 50% of tumors lacking detectable P-catenin mutations 
(Koesters et al. 2003). WTX and P-catenin mutations were found to be mutually 
exclusive in the tumor samples examined suggesting that mutated WTX activates 
Wnt/p-catenin signaling by stabilizing P-catenin, providing a possible mechanistic 
explanation for the tumor suppressor activity of WTX (Rivera et al. 2007). 

T-cell factor 4 (TCF4), one of the P-catenin binding transcriptional factors, is 
mutated in nearly half of colorectal cancers with high-frequency microsatellite insta- 
bility (Duval et al. 1999; Fukushima et al. 2001), and these mutations eliminate the 
coding of TCF4 isoforms capable of binding the transcriptional repressor carboxy- 
terminal binding protein (CtBP) (Cuilliere-Dartigues et al. 2006). Additional but rare 
cases of genetic activation in the Wnt/p-catenin pathway include inactivating muta- 
tions in the SFRP1, which inhibits receptor activation by competitively binding to 
Wnt/p-catenin proteins (Caldwell et al. 2004). Finally, frequent promoter hyperm- 
ethylation and gene silencing of the genes encoding soluble frizzled-related proteins 
(SFRPs) have been found in the early stages of colorectal cancer, suggesting that the 
epigenetic loss of SFRP function may provide constitutive Wnt signaling that is 
required for tumor development and progression of cancers (Suzuki et al. 2004). 

In addition to the Wnt/p-catenin pathway genes discussed above, other compo- 
nents in this pathway may activate the Wnt signaling if mutated. However, recent 
studies with high-throughput sequencing suggest that it is unlikely that highly preva- 
lent mutations, such as those in APC in colorectal tumors, remain undiscovered 
(Sjoblom et al. 2006). Therefore, the spectrum of mutations in human cancers is more 
complex and heterogeneous than once appreciated, and temporal order and different 
combinations also appear to be relevant to tumor progression (Polakis 2007). Finally, 
in addition to genetic and epigenetic alterations as discussed here, there are many 
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other ways to activate Wnt/p-catenin signaling in tumors, in which many intrinsic 
(cell autonomous, autocrine) as well as extrinsic (cell non-autonomous, paracrine) 
Wnt/p-catenin signaling-promoting factors have been shown to regulate this signaling 
pathway that ultimately controls the malignant behavior of cancer cells. 

Regulation in Wnt/fi-Catenin Signaling in Cancer 
Malignant Behavior 

As shown in Fig. 11.1, nuclear localization of P-catenin is the hallmark of activation 
of Wnt/p-catenin signaling. Theoretically, each cancer cell within the tumor initiated 
by mutations in APC, P-catenin, or Axin should exhibit intracellular and/or nuclear 
P-catenin accumulation. However, immunohistochemical analysis of colorectal can- 
cers reveals a very heterogeneous intracellular distribution of P-catenin: whereas 
well-differentiated parenchymal cells located in the tumor center exhibit membra- 
nous expression of p-catenin comparable to normal colon epithelium, nuclear 
P-catenin expression is predominately observed in tumor cells localized at the invasion 
front and scattered in the adjacent stromal component (Brabletz et al. 1998). Notably, 
tumor cells with nuclear P-catenin accumulation appear to undergo EMTs, as shown 
by the progressive loss of E-cadherin expression and acquisition of mesenchymal 
markers such as fibronectin (Kirchner and Brabletz 2000; Brabletz et al. 2001). 
These alleged "migrating cancer stem cells" (MCSCs) may retain the capacity 
to self-renew and differentiate, allowing them to transiently trans-differentiate and to 
invade adjacent tissues more efficiently by EMT, and eventually to form metastases 
in distant organs through mesenchymal-to-epithelial transitions (METs) once the 
cells have settled in the metastatic site (Brabletz et al. 2005; Fodde and Brabletz 
2007). The nonrandom distribution of tumor cells with intracellular P-catenin accu- 
mulation within primary tumors and distant metastases suggests that the initiating 
APC or P-catenin mutation is necessary but insufficient for full-scale Wnt activation 
and thus only tumor cells located at the invasive front are exposed to growth factors 
and cytokines are able to further enhance P-catenin nuclear translocation. In addition, 
somatic mutations in other tumor suppressors and oncogenes may act synergistically in 
promoting Wnt signaling. Therefore, both intrinsic (autocrine, tumor cell-autonomous) 
and extrinsic (paracrine, secreted by the tumor microenvironment) factors are likely 
to play important rate-limiting roles in cancer sternness, local invasion, and metas- 
tasis by differentially modulating Wnt/p-catenin in different cancers (Fodde and 
Brabletz 2007). 

Cell Autonomous Wnt/p-Catenin Signaling-Promoting Factors 

Studies using breast and ovarian cancer cell lines have identified that Wnt ligand 
expression is associated with increased levels of the transcriptionally active form 
of unphosphorylated, uncomplexed P-catenin in the absence of mutations in the 
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commonly implicated downstream signaling components, APC or P-catenin. 
This concept is further supported by the finding that increases in the levels of the 
extracellular Wnt antagonists SFRP1 and DKK1 is accompanied by dramatic 
downregulation of the uncomplexed transcriptionally active form of P-catenin in 
these tumor cells and increased expression of epithelial differentiation markers 
(Bafico et al. 2004). In addition, colorectal carcinoma cells with deletion of the 
mutant P-catenin allele also retain upregulated P-catenin levels, which can be 
inhibited by the Wnt antagonists as well. All these results, taken together, strongly 
suggest there is an autocrine mechanism that constitutively activates Wnt/p-catenin 
pathway in human cancer cells (Bafico et al. 2004). 

Another example of intrinsic Wnt/p-catenin promoting factors came of studies 
from tumors with KRAS mutations. It has been shown that loss of APC function is 
usually followed by oncogenic activation of the KRAS oncogene through mutations 
that occur during colorectal tumor progression from adenoma to carcinoma (Zhang 
et al. 2003). It is believed that both APC and KRAS mutations are synergistic in 
promoting P-catenin nuclear translocation at the invasive front of tumors, thus 
enhancing canonical Wnt/p-catenin signal transduction (Janssen et al. 2006). It is 
believed that activated KRAS trigger tyrosine phosphorylation of P-catenin, lead- 
ing to its release from E-cadherin-mediated cell adhesion and increased transit of 
P-catenin to nucleus (Kinch et al. 1995). Similarly, mutations in the other genes the 
RAS pathway, such as BRAF (Rajagopalan et al. 2002), or in members of tyrosine 
kinome and phosphatome (Bardelli et al. 2003; Wang et al. 2004) that frequently 
occur in sporadic colorectal cancers are likely to enhance Wnt-signaling through 
P-catenin tyrosine phosphorylation (Fodde and Brabletz 2007). Finally, overexpres- 
sion of the tyrosine kinases Src, Fer, and activation of transmembrane tyrosine 
kinases EGFR and c-Met downregulate E-cadherin-mediated adhesion and increase 
tyrosine phosphorylation of P-catenin (Lilien and Balsamo 2005), leading to 
nuclear translocation of P-catenin and activation of Wnt/p-catenin signaling. These 
are the kinases now known to target specific residues in P-catenin that are critical 
for its interaction with cadherin or a-catenin. Moreover, aberrant growth of tumor 
cells and ultimately metastasis are always correlated with constitutive activation 
and/or overexpression of these kinases (Birchmeier et al. 2003). 

Cellular Wnt/p-Catenin Signaling-Promoting Factors 

In addition to the cell-autonomous mechanisms, the nuclear P-catenin and activa- 
tion of the Wnt/p-catenin signaling at the invasive front of colorectal cancers is 
likely to be at least partly explained by interactions with the tumor microenviron- 
ment. The invasive front of epithelial tumors represents an environment in which 
stromal myofibroblasts interact with tumor cells by producing extracellular matrix 
(ECM) components and by secreting Wnt ligands, cytokines, and growth factors 
that locally promote cell proliferation and invasion (De Wever et al. 2004; 
Gregorieff et al. 2005). It has been shown that all these factors presumably can 
enhance Wnt/p-catenin signaling to the nucleus. For example, hepatocyte growth 
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factor (HGF) can induce Wnt-independent translocation of P-catenin to the nucleus 
in hepatocytes (Piedra et al. 2001). Binding of HGF to its tyrosine kinase receptor 
c-Met induces phosphorylation of P-catenin at tyrosine 142, releasing it from the 
plasma membrane and resulting in translocation to the nucleus, which occurs con- 
comitantly with the conversion of MDCK cells to a mesenchymal phenotype 
(Brembeck et al. 2004). In colorectal cancer, HGF is found in the tumor microen- 
vironment (Wielenga et al. 2000), whereas c-Met and P-catenin physically interact 
in a complex in cancer cells (Rasola et al. 2007). Upon HGF stimulation of colorectal 
cancer cells, P-catenin is tyrosine phosphorylated and dissociated from c-Met followed 
by nuclear translocation and activation of downstream target gene expression. 
Moreover, HGF also upregulates P-catenin expression via the phosphatidylinositol 
3-kinase (PI3K) pathway in conditions that mimic those found by the invading and 
metastasizing cells. In addition, HGF and P-catenin can cooperate in promoting 
entry into the cell cycle, in stimulating cell scattering and motility, and in protecting 
cells from apoptosis. Therefore, HGF and P-catenin pathways are mutually activated 
in colorectal cancer, the cross-talk between HGF secreted from the tumor microen- 
vironment and Wnt/p-catenin signaling in cancer cells may generate a self-amplifying 
positive feedback loop, leading to the upregulation of the invasive growth properties 
of cancer cells (Rasola et al. 2007). 

Platelet-derived growth factor (PDGF) has been shown to be expressed by several 
mesenchymal and epithelial cells (Heldin and Westermark 1999) and to activate 
EMT and tumor invasion in epithelial cells by enhancing Wnt/p-catenin signaling 
(Yang et al. 2006b). Unlike HGF that results in the phosphorylation of P-catenin, 
stimulation by PDGF was shown to promote tyrosine phosphorylation of p68, a 
RNA helicase, by c-Abl kinase in colorectal cancer HT-29 cells. The tyrosine- 
phosphorylated p68 then binds to P-catenin, inhibiting its Ser/Thr phosphorylation 
by GSK3P and displacing Axin from P-catenin. This leads to stabilization and 
nuclear accumulation of P-catenin, mediating PDGF-induced EMT (Yang et al. 
2006b). Given that other growth factors such as epidermal growth factor (EGF) and 
TGF-P can also lead to p68 phosphorylation through their receptor tyrosine kinases, 
the p68-driven upregulation of Wnt/p-catenin signaling may represent a common 
intracellular response of paracrine stimulation of EMT in epithelial tumor cells 
(He 2006; Yang et al. 2006b). 

In addition to growth factors, Wnt ligands secreted by mesenchymal cells in the 
tumor microenvironment are likely to be able to activate Wnt/p-catenin signaling. 
For example, expression of canonical and noncanonical Wnt ligands has been 
shown to be expressed in both mesenchymal and epithelial compartments of the 
small intestine and colon (Gregorieff et al. 2005). Targeting Foxfl and Foxf2, 
mesenchymal forkhead transcription factors, was shown to have pleiotropic effects 
on intestinal paracrine signaling in mice, causing a range of defects, including 
megacolon, colorectal muscle hypoplasia and agangliosis (Ormestad et al. 2006). 
Further analysis indicated that in Foxf mutants, mesenchymal expression of Wnt5a 
expression is increased. In these mice, activation of the canonical Wnt pathway, 
with nuclear localization of P-catenin in epithelial cells, is associated with over- 
proliferation and resistance to apoptosis, which suggests that Foxf proteins are 
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mesenchymal factors that control epithelial proliferation and survival, and regulate 
Wnt signaling (Ormestad et al. 2006). Another example of mesenchymal/epithelial 
cross talk is the winged helix transcription factor Foxll that is expressed in the 
mesenchyme of the gastrointestinal tract. Foxll null mice display severe structural 
defects in the epithelia of the stomach, duodenum, and jejunum, which result from 
an increase in the number of proliferating cells and not from a change in the rate of 
cell migration (Perreault et al. 2001). Further analysis indicates that Foxll activates 
the Wnt/p-catenin pathway by increasing extracellular proteoglycans, which act as 
coreceptors for Wnt (Perreault et al. 2001). Likewise, loss of this mesenchymal 
transcription factor Foxll leads to a marked increases in tumor numbers in the 
colon of APC(min) mice, which strongly demonstrates the importance of mesen- 
chymal/epithelial interactions in the tumor genesis of colorectal cancers (Perreault 
et al. 2005). 

Finally, inflammation has been known to play an important role in promoting 
tumorigenesis and tumor progression. Progressive up-regulation of Wnt2 and 
Wnt5a expression has been observed in macrophages during the progression from 
colorectal adenoma to carcinoma (Smith et al. 1999). This observation indicates the 
existence of another mechanism of paracrine Wnt activation by macrophages, and 
possibly other inflammatory cells (Fodde and Brabletz 2007). Indeed, it has been 
shown that cyclooxygenase 2 (Cox-2) and its proinflammatory metabolite prosta- 
glandin E2 (PGE2) enhance colon cancer progression, whereas anti-inflammatory 
drugs against Cox-2 effectively inhibit formation of intestinal polyps in patients 
carrying germline APC mutations and in APC- mutant mice (Brown and DuBois 
2005). Further study showed that PGE2 stimulates colon cancer cell growth through 
its guanine nucleotide-binding protein (G protein)-coupled receptor, EP2, by a 
signaling route that involves the activation of PI3K and the protein kinase Akt by 
free G protein Py subunits and the direct association of the G protein a subunit with 
the regulator of G protein signaling domain of Axin. This leads to the inactivation 
and release of GSK3P from its complex with Axin, thereby relieving the inhibitory 
phosphorylation of P-catenin and activating its signaling pathway (Castellone et al. 
2005). Therefore, together with the increased expression of Wnt ligands by tumor- 
infiltrating macrophages (Smith et al. 1999), these findings reveal a molecular 
mechanism for the activation of paracrine Wnt/p-catenin signaling by tumor 
inflammatory cells. 

In summary, in addition to being regulated by genetic and epigenetic alterations 
in components implicated in the signaling pathway, the activity of Wnt/p-catenin 
signaling is subjected to both autocrine and paracrine factors acting locally within 
the tumor microenvironment. As observed in several adult stem cell niches, such as 
the intestinal crypt, the hair follicle and the mammary gland, Wnt/p-catenin signaling 
regulates self-renewal, activation of proliferation, and differentiation in a dosage- and 
context-dependent manner (Niemann 2006; Blanpain et al. 2007). More impor- 
tantly, the interaction between epithelial tumor cells and the different components 
of the surrounding microenvironment, including tumor-infiltrating inflammatory 
cells, myofibroblasts and other stromal cells, can locally affect the intracellular 
levels of canonical Wnt/p-catenin signaling and differentially trigger sternness, cell 
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proliferation, EMT, and invasive behavior. Likewise, similar local effects are 
achieved by mutations and/or dysregulation of other genes such as KRAS, BRAF, 
and kinases (Sjoblom et al. 2006). Therefore, a combination of autocrine and para- 
crine factors differentially modulates Wnt signaling activation and locally promotes 
migration and invasion in tumor cells (Fodde and Brabletz 2007). 


Wnt/p-Catenin Signaling and Oral Cancer Metastasis 

Although Wnt/p-catenin signaling has been shown to play an important role in 
many different cancers such as colorectal, breast, ovarian, gastric, pancreatic, and 
hepatocellular cancers, its role in oral cancer is not as well understood and remains 
controversial. Here we briefly review the evidence in support of Wnt/p-catenin 
signaling's role in tumor development and progression of oral cancer. 


APC, Axin, and Oral Cancer 

Loss of heterozygosity (LOH) of APC gene has been found in human SCCOC at a 
frequency ranging from 13% to 73% in several different studies (Largey et al. 1994; 
Uzawa et al. 1994; Huang et al. 1997; Chang et al. 2000; Gao et al. 2005). In both 
early and advanced stages of SCCOC, LOH of APC occurs (Huang et al. 1997), 
indicating that the alteration of APC may be an early event and may play a role in 
the pathogenesis of human SCCOC. APC mutations, which result in amino-acid 
substitutions or truncation of the APC protein, were also infrequently identified in 
12.5% of human SCCOC (Uzawa et al. 1994; Kok et al. 2002). Interestingly, in one 
study, all patients with APC mutations were both areca quid chewers and tobacco 
smokers (Kok et al. 2002). Additionally, epigenetic alterations appear to regulate 
the APC expression as well. Uesugi et al. (2005) reported significant down regula- 
tion of APC in 15 (30.0%) of 50 SCCOC tumor samples and in five (62.5%) of 
eight cell lines. Hypermethylation of the APC promoter CpG island was detected 
in two of eight (25%) SCCOC-derived cell lines, whereas APC gene mRNA was 
restored in all five SCCOC-derived cell lines with low APC expression after 
treatment with 5-aza-2'-deoxycytidine, a DNA demethylating agent. Similarly, in 
another study, hypermethylation of the APC promoter was found in five (14.7%) of 
34 SCCOC tumor samples (Gao et al. 2005). These results indicate that hyperm- 
ethylation of the gene promoter CpG island may represent a significant mechanism 
of inactivation of the APC gene in oral carcinogenesis. Interestingly, in one study 
using laser microdissection method from 23 human SCCOC samples, no APC 
mutations were identified, and well-differentiated SCCOC showed significantly 
high APC expression level when compared with normal squamous epithelium, but 
APC expression level was decreased in moderately and poorly differentiated 
SCCOC. Notably, there was tendency that APC was observed in nucleus of SCCOC 
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when compared with that in normal squamous epithelium, suggesting that the 
changes in the expression level and intracellular localization of APC were related 
to the tumorigeneis of SCCOC (Tsuchiya et al. 2004). Finally, in addition to APC, 
Axinl, another component of P-catenin destruction complex, has also been reported 
to be mutated in four (9.1%) of 44 (Zhou and Gao 2007) or three (12.5%) of 24 
(Iwai et al. 2005) SCCOC samples, whereas Axinl expression level was signifi- 
cantly reduced in 35 (79.5%) of 44 tumor specimen of SCCOC, especially in poorly 
differentiated tumors with metastasis (Zhou and Gao 2007). These results suggest 
that mutational inactivation and reduced expression of Axinl gene may play a role 
in SCCOC tumorigenesis and metastasis. 


$-Catenin and Oral Cancer 

As discussed previously, P-catenin plays a pivotal role in both E-cadherin-mediated 
cell adhesion (at the cell membrane) and Wnt signaling (in the cytoplasm and 
nucleus). Although no P-catenin mutations have been identified in human SCCOC 
(Lo Muzio et al. 2005; Odajima et al. 2005), immunohistological studies of subcel- 
lular localization of P-catenin in SCCOC have provided us a complex picture 
regarding the possible role of P-catenin and Wnt signaling in the development and 
progression of SCCOC. 

It appears that the loss of membranous expression P-catenin and E-cadherin is a 
common feature of SCCOC (Williams et al. 1998; Chow et al. 2001; Bankfalvi 
et al. 2002a; Bankfalvi et al. 2002b; Tanaka et al. 2003; Fillies et al. 2005; Odajima 
et al. 2005; Yu et al. 2005; Wang et al. 2007). As an example, in one study of 159 
SCCOC tumor samples, a significantly greater reduction in expression levels of 
P-catenin, E-cadherin, and a-catenin was found in the metastasis group (« = 64) 
compared with the nonmetastatic group (« = 95) (Tanaka et al. 2003). 

Similar observations have been made in several other studies (Williams et al. 
1998; Chow et al. 2001; Bankfalvi et al. 2002a; Bankfalvi et al. 2002b; Fillies et al. 2005; 
Wang et al. 2007). Notably, loss of membranous P-catenin often occurs at the invasive 
front of poorly differentiated SCCOC (Williams et al. 1998; Lo Muzio et al. 1999; 
Kudo et al. 2004; Mahomed et al. 2007), which could constitute a hallmark of 
aggressive biological behavior of tumor cells. Moreover, invasion and metastasis of 
SCCOC cells have been shown to require methylation of E-cadherin and/or degra- 
dation of membranous P-catenin (Kudo et al. 2004). Odajims et al. reported that 75 
(68.2%) of 110 SCCOC cases have reduced membranous expression of P-catenin, 
and the remaining 35 (31.8%) have a membranous pattern of expression similar to 
that in normal oral epithelium, and that the reduced membranous expression of 
P-catenin was significantly associated with an invasive growth pattern, EGFR 
expression, an increased Ki-67 labeling index (proliferation index) (Odajima et al. 
2005). Furthermore, it has been suggested that SCCOC patients with loss of mem- 
branous P-catenin should be considered at high-risk for lymph-node metastasis 
and worse disease-free survival (Bankfalvi et al. 2002b; Fillies et al. 2005; 
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Yu et al. 2005; Ueda et al. 2006). Similarly, patients whose tumors have low levels 
of P-catenin protein expression have decreased survival rates and reduced response 
to therapy when compared with patients whose tumors have high levels of P-catenin 
(Rodriguez-Pinilla et al. 2005). Based upon the finding that P-catenin mutations are 
rare and the loss of membranous P-catenin is associated with SCCOC development, 
it has been suggested that P-catenin functions mainly as an adhesion molecule in 
SCCOC and that loss of adhesion rather than (Yu et al. 2005) increased Wnt signal- 
ing plays a greater role in the development of SCCOC (Yeh et al. 2003). However, 
closer examination of available evidence indicates that this conclusion may be an 
oversimplification. 

Odajima et al. (2005) reported that while 75 (68.2%) of the 1 10 SCCOC tumors 
exhibited reduced membranous P-catenin expression, a cytoplasmic/nuclear pattern 
of P-catenin staining was observed in 21 (19.1%) of these tumors. Nuclear expres- 
sion was accompanied by a reduction of membranous expression and significantly 
correlated with disease progression. Even at the invasive front of SCCOC where 
membranous P-catenin is frequently lost, cytoplasmic accumulation of P-catenin, 
with frequent paranuclear accentuation, was observed in more than 50% of tumor 
cells in 11 (37%) of 30 SCCOC tumors, which were either moderately or poorly 
differentiated tumors (Mahomed et al. 2007). Gao et al. (2005) found that cytoplasmic 
rather than membrane staining of P-catenin is a prominent aberrant tumor-related 
alteration that is associated with moderately and poorly differentiated tumors, and 
more importantly, with LOH and hypermethylation of the APC promoter, suggest- 
ing that LOH at the APC locus or hypermethylation of the APC promoter may lead 
to free P-catenin accumulation in the cytoplasm of SCCOC cells and thereby to oral 
malignant progression (Gao et al. 2005). Similarly, in another study, Uraguchi 
et al.(2004) showed that nuclear localization of P-catenin is predominant in carci- 
noma cells at the invasive front of SCCOC, suggesting that it is associated with 
local invasiveness of the tumor. 

Gasparoni et al. (2002) compared the subcellular localization of P-catenin in 
cultures of human oral normal and malignant keratinocytes and found that P-catenin 
was mostly located in the perinuclear and nuclear areas of malignant SCC25 cells. 
Consistent with this, in the growth assay, SCC25 cells proliferated faster than in 
normal and SCC15 cells, where P-catenin is localized at the plasma membrane 
(Gasparoni et al. 2002). 

We have also investigated the subcellular localization of P-catenin in different 
human SCCOC cell lines (e.g., Tul67, DM14, and OSC19) that have different 
levels of differentiation and malignancy. Tul67 is a more differentiated SCCOC 
cell line with the indolent local growth and rarely metastasizes when injected into 
the mouse tongue. DM14 is a less differentiated SCCOC cell line with aggressive 
local growth and metastasis to cervical lymph nodes when injected into the mouse 
tongue. OSC19 is the most malignant SCCOC cell line among these three, with the 
most aggressive local growth and frequent metastasis to cervical lymph nodes. As 
shown in Fig. 1 1.2a, p-catenin is predominately localized at the cell membrane in 
Tul67 cells, whereas cytoplasmic and nuclear staining of P-catenin increase from 
DM14 to OSC19 cells. This pattern of localization is also shown in orthotopic 
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Fig. 11.2 Increased cytoplasmic and nuclear localization of p-catenin in metastatic SCCOC. (a) 
Immunofluorescent staining of P-catenin in SCCOC cells with different aggressiveness and meta- 
static potential as indicated. DNA was stained by TO-PRO-3 iodide and is presented by red pseudo 
color, (b) Immunohistochemical (IHC) staining of P-catenin in mouse orthotopic tongue tumors 
generated from human Tul67 and OSC19 SCCOC cell lines, (c) IHC staining of P-catenin in a 
primary human SCCOC tumor lesion and its matched-paired metastatic lesion from a human 
SCCOC patient, (d) IHC staining of P-catenin in a human metastatic lesion (upper) and a perineu- 
ral invasion region (bottom) from two human SCCOC specimens. *N nerve 
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tongue tumors generated from these cell lines, where strong cytoplasm and nuclear 
P-catenin is observed in OSC19 tumors (Fig. 1 1.2b). These results demonstrate that 
nuclear localization of P-catenin is correlated with tumor invasion, metastatic 
potential, and tumor malignancy, implying that Wnt/p-catenin signaling plays a 
role in tumor progression of SCCOC. In support of this, we also observed that 
strong cytoplasmic and nuclear staining of P-catenin in human SCCOC tumor 
samples, especially at invasive fronts in both primary and metastatic lesions 
(Fig 11.2c,d). 

Other investigators have found that P-catenin can be found in the cytoplasm and 
nucleus in the early stages of SCCOC tumor development (Sato et al. 2002; Ishida 
et al. 2007). In a rat SCCOC model in which almost all of the dysplastic lesions 
transform to invasive cancers, accumulation of P-catenin in the cytoplasm and 
nucleus is evident in 10 of 16 dysplastic lesions (Sato et al. 2002), strongly suggesting 
that P-catenin accumulation may contribute to the early stage of carcinogenesis 
of SCCOC. More recently, Ishida et al. (2007) reported that nuclear localization of 
P-catenin can be found in precancerous changes in human oral leukoplakic lesions 
as well as SCCOC. In this study, the normal oral epithelium showed P-catenin 
expression only at the cell membrane, and not in the nuclei. In the oral leukoplakia 
lesions without dysplasia, seven of 17 samples (41%) showed P-catenin expression 
in the cell membrane, and five samples (29%) showed expression in the nuclei. 
In the oral leukoplakia with dysplasia, nuclear expression of P-catenin was shown 
in 11 of 12 samples (92%). The incidence of nuclear P-catenin expression was 
significantly different between dysplasia and normal oral epithelium, and also 
between oral leukoplakia with dysplasia and those without dysplasia. In addition, 
nuclear expression of P-catenin was also observed in 10 of 15 samples of SOOC 
(Ishida et al. 2007). Therefore, these results suggest that nuclear P-catenin is poten- 
tially involved in the progression of normal to dysplastic areas within oral leukoplakia. 

In addition to the change in subcellular localization, phosphorylation of 
P-catenin may also be associated with SCCOC progression. In a rat model of 
tongue cancer induced with 4-nitroquinoline 1 -oxide, in which treatment leads to 
the development of dysplasia and well-differentiated SCCOC in rat tongues, 
P-catenin is expressed only in the cell membranes of control tongue suprabasal 
epithelial cells, whereas dysplastic and cancer cells express P-catenin not only at 
cell membranes but also in the nuclear and cytoplasmic compartments. During 
carcinogenesis, however, the levels of expression as well as phosphotyrosine of 
P-catenin increase gradually, as does the expression of the tyrosine receptor kinase 
c-Met (Tamura et al. 2003). As discussed before, the tyrosine phosphorylation of 
P-catenin by c-Met is accompanied by the release of P-catenin from the cell mem- 
brane as well as nuclear translocation and activation of downstream target gene 
expression, resulting in the upregulation of the invasive growth properties of cancer 
cells (Rasola et al. 2007). Thus these experiments strongly suggested that cell-cell 
adhesion in epithelial cells can be reduced by phosphorylation of P-catenin associ- 
ated with increased production of c-Met during SCCOC carcinogenesis, leading to 
cytoplasmic and nuclear translocation of P-catenin, and invasive growth of the 
tongue tumors. 
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Cytoplasmic/nuclear P-catenin expression has also been found to significantly 
correlate with EGFR expression in SCCOC (Odajima et al. 2005). It has been 
shown that tyrosine phosphorylation of P-catenin by the EGFR is associated with 
the perturbation of E-cadherin-mediated cell adhesion and the acquisition of a mes- 
enchymal fibroblast-like morphology and leads to increased cell motility that are 
requisite for invasion and metastasis in human cancers (Hirohashi 1998; Thiery 
2003). Since overexpression of the EGFR is one of most frequent events associated 
with tumor progression in SCCOC, abnormal cytoplasmic/nuclear P-catenin 
expression may be associated with tyrosine phosphorylation of P-catenin through 
the activated EGFR, resulting in decreased cell adhesion followed by increased cell 
invasion and metastasis. In addition, the EGFR downstream kinase, AKT, has been 
shown to inhibit GSK-3P (Cross et al. 1995) (which presumably stabilizes P-catenin 
and activates P-catenin signaling) and play a central role in tumor development 
(Testa and Bellacosa 2001). In SCCOC cell lines, AKT is highly activated 
(Nakayama et al. 2001), which induces EMT and enhances tumor cell invasive 
property (Grille et al. 2003). Therefore, the cytoplasmic/nuclear expression of 
P-catenin in tumor cells at the invasive front observed in SCCOC may possibly be 
associated with EMT followed by the acquisition of tumor invasion, which is 
important for SCCOC tumor metastasis and tumor progression. 


Wnt, SFRP and Oral Cancer 

A study using cDNA microarrays from laser capture microdissected head and neck 
squamous cell carcinoma (HNSCC) showed that most HNSCCs overexpress mem- 
bers of the Wnt and Notch growth and differentiation regulatory systems, suggesting 
that the Wnt and notch pathways may contribute to squamous cell carcinogenesis 
(Leethanakul et al. 2000). Rhee et al. (2002) investigated the expression and func- 
tion of five Wnt (Wnt-1, 5a, 7a, 10b, 13) and two Fzd (Fz-2, 5) genes in 10 HNSCC 
cell lines, and found that compared with normal bronchial or oral epithelial cells, 
the levels of both proteins and mRNAs of Wnt-1, 10b, and Fz-2 were markedly 
increased in HNSCC. Moreover, treatment of one HNSCC cell line (SNU 1076) 
with antiWnt-1 antibodies reduced the Wnt/Fzd-dependent transcription activity of 
the LEF/TCF, diminished the expression of cyclin Dl and P-catenin proteins, and 
inhibited cell proliferation and induced apoptosis. These results support the concept 
that Wnt/p-catenin signaling can be constitutively active in this HNSCC cell line 
through an autocrine mechanism that is required for its growth and survival. More 
importantly, Wntp-catenin signaling was shown to inhibit not only tumor necrosis 
factor (TNF)/c-Myc-mediated apoptosis, but also cell detachment-mediated apop- 
tosis (anoikis) in HNSCC cell lines. In addition, Wnt/p-catenin signaling pathway 
induced HNSCC cell scattering and promoted cell invasion both in vitro and 
in vivo invasive growth of HNSCC cells (Yang et al. 2006a). In a study of oral 
leukoplakia, Wnt3 expression was detected at the epithelial cell membrane or in 
cytoplasm of oral leukoplakia where nuclear expression of P-catenin was evident, 
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but not in epithelial cells without nuclear expression of P-catenin. In the samples 
with nuclear expression of P-catenin, Wnt3 expression was shown in 13 of 16 
samples (81%), and there was significant positive correlation between the nuclear 
expression of P-catenin and Wnt staining (Ishida et al. 2007). Uraguchi et al. (2004) 
showed by reverse-transcriptase polymerase chain reaction (RT/PCR) that SCCOC 
carcinoma cells express 1 1 of 19 Wnt family members. They also found that Wnt- 
expressing carcinoma cells exhibit increased P-catenin levels in the cytoplasmic 
and nuclear pools. In addition, Wnt3 staining was observed predominantly at 
the invasive front in SCCOC cells in 28 of 42 carcinoma tissue specimens (57%). 
Interestingly, endothelial cells, fibroblast-like cells, and macrophage-like cells 
were all positively stained for Wnt3, whereas normal oral tissues did not stain with 
the antiWnt3 antibody (Uraguchi et al. 2004). In these same tissues, P-catenin 
primarily stained the cell-cell boundaries of the carcinoma cells and localized to 
the nucleus and diffusively in cytoplasm in tumor cells at the invasive front 
(Uraguchi et al. 2004). It has been shown that the invasive front is the place where 
cells evade cell-cell adhesion and gain the characteristics of EMTs (Brabletz et al. 
2001), and that EMTs are particularly prominent at the invasive front and predis- 
pose carcinomas to a more advanced state of progression (Birchmeier et al. 1996). 
Because Wnt3 is a typical and powerful member of the family which activates 
Wnt/p-catenin-mediated signaling (Seidensticker and Behrens 2000), the colocal- 
ization of both Wnt3 and nuclear P-catenin at the invasive front suggested that Wnt 
signaling can trigger nuclear translocation of P-catenin and EMTs. Similar findings 
have been reported in colorectal carcinomas (Eger et al. 2000; Kirchner and 
Brabletz 2000; Brabletz et al. 2001). In addition, the fibroblast-type Wnts and 
P-catenin-mediated signaling are documented to initiate malignant transformation 
and enhance cellular proliferation, dedifferentiation, invasion and metastasis (Lo 
Muzio 2001). Therefore, the evidence described above when taken together sug- 
gests that both autocrine and paracrine signaling are implicated in modulating 
Wnt/p-catenin signaling to activate EMTs, tumor invasion, and tumor progression 
of SCCOC. 

Finally, epigenetic modification has been shown to play an important role in the 
regulation of Wnt/p-catenin signaling. For example, In HNSCC epigenetic inacti- 
vation of the SFRP genes, encoding antagonists of the Wnt pathway, was found to 
be associated with drinking, smoking, and human papillomavirus (HPV) expression 
(Marsit et al. 2006). Methylation-specific PCR showed that the prevalence of 
methylation of SFRP1, SFRP2, SFRP4, and SFRP5 was 35%, 32%, 35%, and 29%, 
respectively, among 350 HNSCC cases. Promoter methylation of SFRP1 occurred 
more often in both heavy and light drinkers compared with nondrinkers. SFRP4 
promoter methylation, on the other hand, occurred at a higher prevalence in non 
smokers and former smokers than in current smokers, and also was independently 
associated with the presence of HPV 16 viral DNA. A joint effects model of SFRP4 
promoter methylation demonstrated that it significantly interacted with smoking 
and HPV status in HNSCC. These results suggest that aberrant activation of the 
Wnt pathway through silencing of pathway antagonists, the SFRP genes, is highly 
prevalent in HNSCC, and that the clonal selection for these alterations is complex 
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and may be related to the carcinogenic exposures that are known risk factors, such 
as HPV and alcohol, for this disease (Marsit et al. 2006). 


Conclusion 


Although aberrant Wnt/p-catenin signaling has been implicated in the tumorigen- 
esis and tumor progression of many cancers, its role in SCCOC remains largely 
undefined. While there is evidence to suggest that this pathway plays a role in the 
development of this tumor type, some data support a limited role for Wnt/p-catenin 
signaling in SCCOC development and progression. Most of the supporting evi- 
dence has come from immunohistochemical evaluations that show that P-catenin 
staining at the cell membrane decreases during SCCOC tumor progression without 
apparent nuclear localization. It should be noted that such studies using immunos- 
taining always depend on the quality of antibodies as well as on different staining 
protocols. In addition, specimen quality, the method of evaluation of immunostaining, 
and the definition of reduced or underexpression are quite variable and subjective 
in different studies. Sometimes a semiquantitative estimation of the immunostaining 
intensity was used with varying criteria, while the expression analysis was carried 
out in different areas of the tumor by different investigators. Thus all these factors 
related to methodology may account for the discrepancy in the results obtained 
from different studies. Nevertheless, the frequent observation of cytoplasmic and 
nuclear localization of P-catenin in premalignant oral leukoplakia as well as at the 
invasive front of tumors suggests that Wnt/p-catenin signaling may play a role in 
tumor initiation and progression, tumor invasive growth, as well as EMT of 
SCCOC. All these are required for the tumor metastasis. However, the molecular 
and cellular mechanisms involved are still unclear. In particular, infrequent muta- 
tions in the APC, P-catenin, Axin do not account for the activation of Wnt/p-catenin 
signaling in most of SCCOCs. It is likely that the Wnt/p-catenin pathway is impli- 
cated in SCCOC through multiple, diverse mechanisms including genetic and 
epigenetic alterations of the components in this signaling pathway, and alterations 
in other autocrine and/or paracrine factors that are involved in the regulation of this 
pathway in a Wnt-dependent or even Wnt-independent manner. More importantly, 
the interaction between epithelial tumor cells and the different components of the 
surrounding microenvironment can locally affect the intracellular levels of canonical 
Wnt/p-catenin signaling and differentially trigger tumor cell sternness, cell prolif- 
eration, EMT, invasive behavior, and metastasis. So far, little is known about the 
factors and mechanisms involved. Likewise, it is still unclear how the Wnt/p-catenin 
signaling pathway induces downstream genes that are implicated in invasive growth 
and metastasis of SCCOC. Therefore, further investigation is necessary for understanding 
the role of Wnt/p-catenin signaling in SCCOC. Gain-and loss-of-function studies with 
various components of Wnt/p-catenin signaling in cell culture and animal models 
will be of particular value for evaluating the contribution of each component to 
SCCOC. All these will provide us with greater insights into the molecular and 
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cellular mechanisms involved in the initiation, progression, and metastasis of oral 
cancers. 
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Chapter 12 

Role of Tumor Stromal Interactions 
and Proteases in Oral Cancer Metastasis 


J. Robert Newman and Eben L. Rosenthal 


Abstract To metastasize, tumor cells must migrate through the surrounding 
stroma which is composed of extracellular matrix (ECM) components, fibroblasts, 
inflammatory cells, and endothelial cells. Tumor-associated matrix permeability 
to tumor cells is thought to result from complex interactions between the tumor 
cell and the cellular and acellular components of the stroma. These interactions 
result in tumor cell changes in substrate adhesion, cell migration, and focused 
proteolysis of ECM components. Although the process of ECM degradation has 
been associated with multiple types of proteases including cathepsins, and serine 
proteases (such as plasmin), it is the matrix metalloproteinases (MMPs) that are 
most commonly upregulated and associated with the invasive process. Although 
tumor cells were originally thought to be the primary source of MMPs within the 
tumor, it was recently recognized that MMPs are expressed primarily by stromal 
cells when stimulated by tumor cell derived factors. One mechanism that tumor 
cells employ to stimulate MMPs from tumor-associated stroma is the expression 
of ECM metalloproteinase inducer (EMMPRIN). EMMPRIN is a tumor cell 
expressed protein known to induce growth factors and proteases in the surround- 
ing fibroblasts and endothelial cells. In addition to an analysis of EMMPRIN 
as a paradigm for tumor-stromal interactions, this chapter will characterize the 
presence of stromal tissue in head and neck cancer on the basis of histological 
analysis, the role of proteases in tumor-stromal interactions, and the specific 
role of membrane type-1 MMP (MT1-MMP) in tumor invasion and metastasis. 
Furthermore, the clinical trials associated with MMP inhibitors in cancer have 
been disappointing, and some possible explanations for their failure and future 
directions are suggested. 
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Introduction 

Many epithelial tumors, including head and neck squamous cell carcinoma 
(HNSCC), are composed of not only of carcinoma cells but also infiltrating 
dense stroma that contains ECM, fibroblasts, inflammatory cells, and endothe- 
lial cells. Under physiological conditions, the basement membrane and underly- 
ing stroma provide orientation for epithelial cells. As part of the neoplastic 
process, these organizational and barrier functions are disrupted. Unregulated 
cell growth in squamous cancer is necessary but not sufficient to cause the inva- 
sive behavior that characterizes this disease (Crowe et al. 2002; Elenbaas and 
Weinberg 2001). Changes in stromal signaling are thought to represent a process 
similar to instructive signals from stromal cells that facilitate organogenesis. 
Many authors hypothesize that the ability of HNSCC tumor cells to harness the 
remodeling capabilities of the stroma enables local tissue destruction and spread 
to distant sites. 

The dense infiltration of fibroblasts which interdigitate with tumor islands 
in HNSCC is thought to promote a growth permissive tumor microenvironment 
(Almholt and Johnsen 2003; Coussens et al. 2000; McCawley and Matrisian 2001; 
Matrisian et al. 1994; Lynch and Matrisian 2002). Studies of carcinoma associated 
fibroblasts (CAFs) in squamous cell carcinoma (SCC) have demonstrated that 
paracrine fibroblast signaling can profoundly affect tumor formation (Matrisian 
et al. 1994; Skobe and Fusenig 1998; Ponec et al. 1991). Overexpression of platelet 
derived growth factor (PDGF) in non-tumorigenic immortalized human keratinocytes 
(HaCaT cell line) induces tumor formation through the PDGF-mediated paracrine 
activation of fibroblasts (Skobe and Fusenig 1998). The fibroblast-dependent 
acceleration of epithelial malignancies has been established in vivo and in vitro in 
multiple cell types (McCawley and Matrisian 2001 ; Picard et al. 1986; Camps et al. 
1990). These studies suggest that changes in epithelial-stromal signaling can lead 
to tumor development and progression. 


Experimental Assessment of the Tumor-Stromal Interaction 
Requires Physiological Models of Tumor Invasion 

A summary of tumor-stromal interactions necessitates a discussion of inherent 
limitations of experimental models used to study this phenomenon. Cytokines 
act over very narrow distances, in concert with multiple factors and at low con- 
centrations, which makes assessment of expression and interpretation of in vitro 
phenotypes difficult. Although this can be generally said of in vitro work, 
observations made on the microenvironment in vitro poorly recapitulate the 
three-dimensional, multicellular, hypoxic, and vascular nature of the in vivo 
tumors. For this reason, therapeutic implications of in vitro studies should be 
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interpreted with caution. Furthermore, as will be discussed later, the value of 
mouse models when assessing the tumor microenvironment is also of limited 
translational benefit based on the differences in gene expression between 
humans and mice, particularly with respect to MMPs (e.g., there is no murine 
equivalent of MMP-1). 

Failure of in vitro experiments to predict in vivo results when assessing the 
tumor microenvironment is probably related to several factors including (1) an 
inability to recapitulate the elements of the tumor ECM in which the tumor 
cells reside, (2) failure to put all of the cell types that compose the complex 
tumor environment within the in vitro model, (3) failure to generate the three- 
dimensional complex structure in which tumors reside, and (4) use of serum 
free media or supplemented media that does not recapitulate the well vascular- 
ized conditions typically found in tumor including the ability to generate hydro- 
static pressure, hypoxia, and pH specifically associated with the tumor 
environment. These limitations of in vitro systems and the need to isolate spe- 
cific factors in order to identity therapeutic targets make studying the microen- 
vironment particularly difficult. 

In vitro assays used to assess tumor cell invasion or migration often fail to 
provide a physiological or anatomic barrier against tumor cell invasion. Most 
in vitro assays use Matrigel (Becton, Dickinson and Company, Franklin Lakes, 
NJ) or type I collagen. Matrigel is extracted from Engelbreth-Holm-Swarm 
mouse sarcoma cells and is composed of proteins most commonly associated 
with the basement membrane such as laminin and type IV collagen (Senger et al. 
1997). However, data obtained from tumor cells traversing such a barrier in vitro 
should be interpreted with caution since neither the composition nor assembly of 
the Matrigel can be translated to human tumor cell invasion. Although these 
matrices are expedient and inexpensive, other matrices, such as commercially 
available cadaver dermis, should also be considered (Rosenthal et al. 1999). 
Examination of experimental details is often required to determine if physiologi- 
cal models were used to assess tumor phenotypes during the studies of tumor- 
stromal interactions. 


Genetic Alterations in Tumor Associated Stroma 

It is generally accepted that tumors arise from genetic changes within the normal 
mucosal squamous cell epithelium. However, the possibility of genetic mutations 
within the stroma has also recently been identified in head and neck cancer (Weber 
et al. 2007; Lu et al. 2006). This concept is supported by the high rate of second 
primaries associated with the generalized epithelial changes, referred to as field 
cancerization. It is possible that the tumor microenvironment generated by the stroma 
is in part responsible for this field cancerization (the tumor microenvironment 
refers to the generalized milieu which the tumor cell develops that includes both 
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fibroblast and tumor cell and intraepithelial cell derived factors, and it also includes 
the tumor oxygenation and other generalized factors present within the tumor). 
Supporting this hypothesis is the evidence that the stroma may undergo distinct changes 
that lead to the elaboration of growth factors and other cytokines which promote 
epithelial tumor progression and metastasis. It has been previously demonstrated 
that carcinoma associated fibroblasts undergo genetic alterations that can potentially 
transform the premalignant epithelium to cancer in breast cancer and pancreatic 
cancer(Fukino et al. 2007; Kurose et al. 2001; Moinfar et al. 2004). Although the 
great majority of loss of heterozygosity (LOH), a measure of cellular gene altera- 
tions associated with tumor progression, is noted within the epithelial compartment 
as compared to the stroma compartment (Fukino et al. 2007; Kurose et al. 2001), it 
has been reported primarily in breast cancer that a high frequency of LOH is found 
within mammary stromal cells (Moinfar et al. 2000, 2004; Gocht et al. 1999). 

Significantly, it has recently been shown that microenvironmental genomic 
alterations are associated with smoking in HNSCC (Fukino et al. 2007). A micro- 
dissection of tumor stroma from head and neck cancer and compartment specific 
frequency of LOH was determined in this study, and it was found that tumor associated 
stroma from smokers had a high degree of genetic changes and a correlation could 
be found between tumor aggressiveness and five specific genetic loci. In fact, there 
were three stroma specific loci that were associated with regional nodal metastasis 
as well as tumor size. Although this study assessed genetic changes in stromal and 
tumor cells in smokers and nonsmokers, other cancer types have been linked to 
genetic alterations associated with other environmental changes. For example, 
hypoxia conditions within the tumor can increase the number of genetic mutations 
(Mabjeesh and Amir 2007). 

These studies suggest that the stromal elements within head and neck squamous 
cell tumors may have specific sites of genetic alterations that are associated with a 
clinically aggressive phenotype. Furthermore, this work implies that the genetic 
changes that occur within the epithelial cells also occur within the tumor associated 
stroma. With respect to changes in stroma in smokers who have undergone generalized 
epithelial changes (field cancerization), it is possible to hypothesize that genetically 
altered stromal cells gradually displace the normal stroma and promote epithelial 
proliferation and dysplasia. In this model, the stroma becomes the tumor promoting 
element. 


Fibroblasts Promote a Malignant Environment 

Fibroblasts are known to provide a favorable tumor microenvironment for tumor 
growth. The most striking evidence for this is when normal dermal fibroblasts are 
co-injected with head and neck cancer cells in immunodeficient mice. Simply by 
the addition of an equal number of fibroblasts, the tumor cells grow significantly 
faster and initiate earlier (Fig. 12.1) (Rosenthal et al. 2006). Although CAFs are 
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Fig. 12.1 Normal fibroblasts promote tumor growth. Co-injecting normal dermal fibroblasts (NDFs) 
with tumor cells causes increased tumor growth. Cal57 HNSCC tumor cells (2.5 xlO 5 ) were 
injected with (n = \0) and without (h = 20) NDFs (5x10 5 ) in the bilateral flanks of severe com- 
bined immunodeficient mice. Cal57 cells tumor show an increase in tumor area when co-injected 
with NDFs (p = 0.0001, bars = SEM) 


considered to have the potential to induce more aggressive tumor formation, 
co-injection of primary CAF cultures does not accelerate tumor growth compared 
to co-injection with normal dermal fibroblasts (NDFs) (Rosenthal, unpublished 
data). It is clear that proliferation of fibroblasts within the tumor occurs in response 
to the tumor, and such proliferation has been compared to a wounding or chronic 
inflammation response (Micke and Ostman 2005). Although the comparison of 
wound healing as supporting tumor growth has certain clinical correlates, these are 
unusual. One example is that highly malignant SCC can arise from areas of previous 
trauma such as dermal scars. Another example is the association of cancer with 
autoimmune disease such as inflammatory bowel disease, in which chronic 
inflammation can result in a malignant tumor. 

CAFs have been well described pathologically as large spindle like cells that 
express vimentin and alpha smooth muscle actin are generally termed myofibroblasts. 
Although it is likely that CAFs control the tumor microenvironment by secretion of 
multiple growth factors, it is unclear if CAFs are a distinct entity. Studies presented 
earlier suggest that genetic changes do occur in the CAFs, but isolation and analysis 
of carcinoma associated fibroblasts require that they be able to be cultured and 
retain their phenotype in vitro for analysis of growth factor expression and 
phenotypic changes. 
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CAFS are best described in breast cancer where the stroma support is known to 
be critical for the development and progression of tumor. But, it remains unclear if 
CAFs can be cultured from HNSCC tumors and subsequently induce a malignant 
phenotype. CAFs have been shown to induce malignant changes in SV-40 immor- 
talized benign prostatic epithelial cells in vivo (Olumi et al. 1999). These findings 
suggested that fibroblasts isolated from prostate cancer, but not benign prostatic 
tissue, could induce differentiation in SV-40 immortalized benign prostatic prostate 
cells and induced dramatic growth within the renal capsule of nude mice. However, 
these prostatic tumor xenografts were performed in the renal capsule of immuno- 
deficient mice which is an unusual tumor microenvironment and may not be 
generalizable to other biological sites. Studies in breast cancer have identified a 
similar phenomenon (Orimo et al. 2005). CAFs have been shown to initiate tumor 
progression in a murine model of breast cancer (Barcellos-Hoff 2005; Barcellos-Hoff 
and Brooks 2001). One study demonstrated that removing epithelial cells from the 
mammary fat pad of mice and irradiating and then retransplanting them result in 
changes in the stroma that then can transform the transplanted epithelial cells in 
these mice. A significantly higher number of tumors form in mice that had irradiated 
stromal tissue (Barcellos-Hoff and Ravani 2000). This study suggests that radiation 
can have a carcinogenic effect on the stromal tissue. Of course, it is unclear which 
cell type (fibroblast or epithelial cells or other) was tumor promoting within this 
in vivo setting. Aside from these two organs, however, there has been limited evidence 
to suggest that carcinoma associated fibroblast comprise a distinct entity, which can 
transform epithelial cells. 


Tumor Derived Growth Factors Influence Stromal Formation 


The elaboration of stromal derived cytokines has been found to affect tumor 
growth, angiogenesis, and immune functions within the tumor. The cytokines most 
commonly associated with head and neck cancer include interleukin 4 (IL-4), IL-6, 
IL-8, IL-10, IL-ip, granulocyte-macrophage colony-stimulating factor (GM-CSF), 
vascular endothelial growth factor (VEGF), prostaglandin E2, and basic fibroblast 
growth factor (bFGF) (Pries et al. 2006; Pries and Wollenberg 2006; Lewis et al. 2006). 
Other growth factors that promote tumor growth and invasion include transform- 
ing growth factor beta (TGFP) (Hagedorn et al. 1999; Gruss et al. 2003; Rosenthal 
et al. 2004a), transforming growth factor alpha (TGFa) (Grandis et al. 1998; 
Dumont and Arteaga 2002) and hepatocyte growth factor/scatter factor (HGF/SF) 
(Pries et al. 2006; Pries and Wollenberg 2006). These cytokines and growth factors 
are mechanisms by which tumor cells recruit the surrounding stroma to promote 
growth through induction of neovascularization, immune suppression, and inva- 
sion/metastasis. These growth factors are often responsible for multiple effects. For 
example, VEGF-A expression is known to trigger angiogenesis, but another sub- 
type of VEGF, VEGF-C, is associated with lymphangiogenesis and increased rates 
of lymph node metastasis, suggesting a dual role of these growth factors in metas- 


12 Role of Tumor Stromal Interactions and Proteases in Oral Cancer Metastasis 


271 


tasis and angiogenesis (O-Charoenrat et al. 2001a). This review will focus on the 
role of MMPs as a paradigm for tumor stromal interactions, as the complex roles 
of immunosuppression, angiogenesis, and growth stimulated by elaboration of 
these growth factors are beyond the scope of this chapter. 

Assessment of Stromal Components in HNSCC 

Although generally assumed to be a significant component of most HNSCC, the 
percent of stroma within HNSCC has not been defined. Despite a significant increase 
in data to suggest that the stromal component and the inflammatory infiltrate 
promote tumor cell invasion in multiple tumor types (Olumi et al. 1999; Pauli and 
Knudson 1988; Rofstad 2000), including head and neck cancer (Rosenthal et al. 
2004b), tumor associated stroma has not been well characterized. The relative 
expression of transcripts or protein between tumors will vary greatly depending on the 
relative percent of stroma or the extent of inflammatory cells. Therefore, accurate 
classification of samples is particularly important when using molecular techniques 
that are dependent on the stromal composition: molecular characterization of tumors 
by immunohistochemistry, microarray analysis, or proteomics requires a consistent 
definition of the sample. 

To better characterize the stromal and inflammatory component of oral cavity 
tumors, we have examined the histology of tumors from previously untreated oral 
cavity SCC patients in order to improve the understanding of the variations of the 
stroma in head and neck cancer. TNM stage, survival, and histology were assessed 
on a retrospective cohort of 54 patients with untreated oral tongue SCC (Rosenthal, 
unpublished data). Analysis was performed to grade the inflammatory infiltrate and 
the percent of the tumor mass composed of stroma based on review of hematoxylin- 
eosin-stained specimens. The relative composition of the tumor associated 
macrophages in the epithelial and stromal components of the tumor was assessed 
by immunohistochemical staining of tumors using CD68. In this analysis, the stromal 
portion represented 8-74% of the tumor mass, with an average of 36.5%. Within that 
stromal component, an average of 49% of stroma was composed of inflammatory 
infiltrate (range, 6-94%). The classification of tumors based on inflammatory infil- 
trate could be divided into low (<30%), intermediate (30-50%), and high (>50%). 
This classification results in roughly equal distribution of the tumors (Fig. 12.2). 
Despite the even distribution between groups, the group with the high inflammatory 
infiltrate had the poorest survival (p = 0.21, two-tailed chi-square test). 

Analysis of tumor associated macrophages by CD68 immunostaining of tumor 
specimens demonstrated that the macrophages are not evenly distributed throughout 
the tumor mass (Fig. 12.3). There was a nonsignificant correlation between the 
tumor associated macrophage composition in the epithelial component as compared 
with the stromal component. As more attention is given to the role of these cells in 
the development of head and neck cancer (Marcus et al. 2004), these data suggest 
that localization of these cells and other inflammatory cells within the tissue mass 
may be important for accurate data analysis. 
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Fig. 12.2 Patients with a high inflammatory infiltrate demonstrated had worse treatment 
outcomes (p=0.21). The inflammatory infiltrate was assessed in 54 patients with greater than 2 year 
follow-up and classified as low (a, d), intermediate (b, e), or high (c, f). Patients were evenly 
distributed (g), but the outcome was not (g, h). Bar is 100 urn 


In summary, the amount of stroma and inflammatory infiltrate within oral tongue 
SCC specimens varies widely, with an average of 36.5%. The high percent of 
nontumor cells within the HNSCC tumor mass supports the concept of identifying 
molecularly targeted, antistromal cytostatic agents for therapy to be used in combi- 
nation with cytotoxic therapies. 


Role of Proteases in Tumor-Stromal Interaction 

Mechanisms by which cancer cells invade the basement membrane and ECM 
remain undefined. Proteases are thought to regulate tumor cell migration and 
metastasis by cleavage of growth factors, cell adhesion molecules, other proteases, 
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Fig. 12.3 Variation in macrophage distribution between nests of tumor cells and surrounding 
stromal cells. Immunohistochemical analysis of CD68 reactivity (arrows demonstrate CD68 
positive cells) in HNSCC primary tumors (a-c) demonstrating even distribution throughout the 
tumor mass and stroma (a, b) and uneven distribution with greater CD68 positive staining in the 
stroma (c). A poor correlation was seen between CD68 reactive cells in the tumor compartment 
were compared with the number of cells counted in the stromal compartment (d), suggesting that 
the macrophages are not evenly distributed throughout the tumor 


and ECM macromolecules (Pauli and Knudson 1988; Liotta 1986). These proteases 
can be roughly broken into two groups: MMPs and serine proteases. 

Serine proteases have been implicated in the process of tumor cell extravasation 
into the lymphatic and circulatory system. Plasmin is a circulating protease 
responsible for degradation of intraluminal thrombi and is formed by activation of 
plasminogen by plasminogen activators (tissue type plasminogen activators [tPA] 
and urokinase-type PA [uPA]). Because plasmin is found to be overexpressed in 
tumors and uPA receptors expressed on tumor cells are known to bind uPA to the 
cell surface, this protease is thought to influence tumor cell migration by the 
degradation of fibrin and other matrix components as well as activation of MMPs. 
By binding to the cell surface, uPA receptors are likely to focus uPA proteolysis to 
the peritumor microenvironment. 
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Matrix metalloproteinases are a family of over 25 Zn 2+ -dependent matrix- 
degrading enzymes that are secreted as inactive zymogens that have been impli- 
cated throughout the temporal progression of tumorigenesis and are expressed in 
most cell types in the tumor mass. Although multiple proteases have been impli- 
cated in tumor cell invasion, malignant progression of oral cavity SCC (OSCC) is 
most commonly associated with elevated expression of MMPs (Rosenthal et al. 
1999; O-Charoenrat et al. 2001b; Imanishi et al. 2000; Yoshizaki et al. 1997; 
Kurahara et al. 1999). 

The importance of MMPs in HNSCC has been established over the past 20 years 
since their discovery in cancer and their role in tumor invasion (Liotta and Kohn 
2001). Initially classified as just as cleaving ECM components, the proteolytic targets 
of MMPs have been expanded to include other proteases, protease inhibitors, 
clotting factors, chemotactic molecules, growth factors, cell-surface receptors, and 
adhesion molecules (Egeblad and Werb 2002). The importance of MMPs in 
epithelial tumor formation has been demonstrated by upregulation and downregu- 
lation studies (Coussens et al. 2000; Thomasset et al. 1998; Sternlicht et al. 
1999). In HNSCC, advanced- stage disease and nodal status have been correlated 
with immunopositivity for MT1-MMP, MMP1, MMP2, and MMP9 (Imanishi et al. 
2000; Yoshizaki et al. 1997; Mueller et al. 2001; Werner et al. 2002; Johansson 
et al. 1997). 

Evaluation of MMPs usually requires assessment of their endogenous inhibitors, 
tissue inhibitors of metalloproteinases (TIMPs). TIMPs are known to be potent 
inhibitors of MMPs in vitro, although their in vivo role is not well understood. 
TIMP-1 and TIMP-2, but not TIMP-3, are consistently measured in HNSCC. In 
fact, the expression of TIMP-1 in tumors (and in one case TIMP-2) positively cor- 
relates with metastatic disease (O-Charoenrat et al. 2001b; Kurahara et al. 1999; 
Ondruschka et al. 2002). Other physiological MMP inhibitors have been identified 
in tumors, including RECK (REversion-inducing-Cystein-rich protein with Kazal 
motifs), which is a membrane bound MMP inhibitor (MT1-MMP activity and 
MMP9 expression) that was recently identified (Oh et al. 2001; Sasahara et al. 
2002; Herold et al. 2002). Expression of endogenous MMP inhibitors, such as 
TIMPs and RECK, in tumors has not been clearly demonstrated to have a protective 
effect in human cancers. 


Role of MT1-MMP in Carcinoma Associated Fibroblasts 

Experimental models of tumor invasion suggest that MMPs mediate HNSCC tumor 
cell invasion, and the supporting evidence includes the following: (1) in vitro 
invasion and growth is arrested by MMP inhibitors (MMPI) (Rosenthal et al. 1999; 
O-Charoenrat et al. 2002) and (2) HNSCC tumor cell growth and metastasis 
are reduced in vivo by synthetic and endogenous MMPIs (Katori et al. 2002). 
Although many MMPs have been identified, MT1-MMP, also known as MMP-14, is 
thought to be a critical enzyme in HNSCC tumorigenesis and invasion because it can 


12 Role of Tumor Stromal Interactions and Proteases in Oral Cancer Metastasis 


275 


(1) degrade type I collagen and fibrin, (2) alter cell-cell adhesion (Kajita et al. 

2001) , and (3) convert pro-MMP-2 to its active form (Pei and Weiss 1996; 
Aznavoorian et al. 2001; Hotary et al. 2000, 2002). Identified on the membranes of 
both tumor cells and peritumoral fibroblasts, MT 1 -MMP expression has been 
correlated with an aggressive pattern of invasive and ECM degradation in HNSCC 
(Kurahara et al. 1999; Okada et al. 1995; Chenard et al. 1999). In vitro data suggest 
that not only does MT1-MMP regulate HNSCC invasion (Rosenthal et al. 1999), but 
also its expression correlates positively with poor patient outcomes (Imanishi et al. 
2000; Yoshizaki et al. 1997; Kurahara et al. 1999; Mueller et al. 2001). Elevated 
MT1-MMP expression in OSCC has been shown to positively correlate with an 
aggressive pattern of invasion, poor survival, and lymph node metastasis (O-Charoenrat 
et al. 2001b; Imanishi et al. 2000; Yoshizaki et al. 1997; Janot et al. 1996). 

MT1-MMP is converted to its active form by furin, an intracellular proprotein 
convertase. Increased activity of furin in OSCC is associated with more aggressive- 
ness in vitro and in vivo tumor activity (Bassi et al. 2001, 2003). In vitro data 
similarly suggest that overexpression of MT1-MMP promotes OSCC tumor cell 
invasion (Rosenthal et al. 1999; Pauli and Knudson 1988). As previously mentioned, 
MT1-MMP plays a critical role in tumor cell invasion and angiogenesis through 
several known mechanisms: (1) activation of MMP2 (72-kDa type IV collagenase) 
in SCC (Imanishi et al. 2000; Jiang and Pei 2003), (2) cleavage of the cell adhesion 
molecule CD44 from the cell surface (Hotary et al. 2002; Jiang et al. 2001), (3) 
degradation of type I collagen and fibrin substrates (Kajita et al. 2001; Mori et al. 

2002) , and (4) enabling cell survival in three dimensional matrices (Hotary et al. 

2003) . TIMPs and RECK are endogenous inhibitors of MT1-MMP and MMP2 
(Rhee and Coussens 2002; Heppner et al. 1996; Sutinen et al. 1998), whose role in 
tumor cell invasion is unclear. TIMP1 and TIMP2 have been found to positively 
correlate with metastatic disease, and the ratio of MMP to TIMPs has been found 
to influence the ability of TIMPs to modulate MMP catalytic activity (O-Charoenrat 
et al. 2001b; Kurahara et al. 1999; Ondruschka et al. 2002). RECK has only 
recently been identified, and the function of this membrane bound molecule to 
influence cancer cell invasion remains to be fully elucidated (Oh et al. 2001; Rhee 
and Coussens 2002; Noda et al. 2003; Span et al. 2003). 

Recognition that CAFs synthesize most of the peritumoral MMPs by in situ 
hybridization in breast cancer (Heppner et al. 1996; O-Charoenrat et al. 2000) led 
to similar observations in other tumors (McCawley and Matrisian 2001; Matrisian 
et al. 1994; Bodey et al. 2001), including HNSCC (Sutinen et al. 1998; Tsukifuji et al. 
1999). This suggested that tumor cell-related factors induce MMP expression in the 
surrounding fibroblasts. Although the mechanism by which tumor cells provide 
instructive signals to fibroblasts is largely unknown, multiple tumor-secreted 
growth factors and cytokines have been implicated in peritumoral MMP regulation. 
Tumor cells' induction of MMP expression in stromal tissues can be considered an 
archetype for tumor-stromal interactions. In a recent study, immunolocalization of 
MT1-MMP using three monoclonal antibodies with distinct epitopes identified MT1- 
MMP exclusively in the surrounding stromal cells (Chenard et al. 1999). Although 
studies have demonstrated that MT1-MMP correlates with poor outcome in 
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HNSCC and localizes to fibroblasts in vivo, the mechanism by which tumor cells 
promote MT1-MMP and other MMP expression in surrounding fibroblasts has 
been partially elucidated by studies of EMMPRIN. 


EMMPRIN Modulates Stromal MMP Expression 

EMMPRIN has been recognized as a critical modulator of tumor-stromal interac- 
tion and is highly expressed in HNSCC. EMMPRIN, also known as CD147, was 
initially isolated by Biswas et al. and was labeled "tumor collagenase stimulating 
factor" (Biswas et al. 1995). The cDNA for human EMMPRIN encodes 269 amino 
acid residues that include a cytoplasmic domain, a transmembrane domain, and 
two domains that are characteristic of the immunoglobulin superfamily. Although 
the receptor for EMMPRIN is unknown, it is thought to act as its own receptor. 
Overexpression of CD 147 has been identified in multiple tumor types but has 
the highest expression in HNSCC and pancreatic cancer (Riethdorf et al. 2006). 
EMMPRIN has been isolated from bone marrow metastasis in breast cancer and 
lung cancer patients and is thought to be a critical mediator of head and neck 
invasion in metastasis (Klein et al. 2002). 

Expression of EMMPRIN as determined by immunohistochemical analysis is 
upregulated in HNSCC human tumors and dysplastic epithelium as compared with 
normal mucosa (Polette et al. 1997). Development of HNSCC is typically preceded 
by transition of normal mucosa to dysplastic epithelium, which is clinically 
identified as an area of leukoplakia or erythroplakia. In normal mucosa, EMMPRIN 
expression is limited to the basal layer, but spreads to superficial layers as the 
epithelium becomes more dysplastic (Vigneswaran et al. 2006). EMMPRIN expres- 
sion levels positively correlated with degree of dysplasia, and high levels of 
expression heralds the development of frank SCC (Vigneswaran et al. 2006). 

EMMPRIN expression has been correlated with metastasis and tumor progres- 
sion in multiple other tumor types (Cheng et al. 2006; Jin et al. 2006), including 
HNSCC (Rosenthal et al. 2003; Bordador et al. 2000). Overexpression of EMMPRIN 
in breast cancer cell lines results in accelerated in vivo growth (Tang et al. 2005), 
and this effect was also shown to be largely fibroblast dependent in HNSCC cell 
lines (Rosenthal et al. 2006). Analysis of individual metastatic tumor cells isolated 
from the bone marrow of patients with epithelial malignancies identified EMMPRIN 
as the most frequently expressed gene (Klein et al. 2002). Xenografted breast 
cancer cell lines overexpressing EMMPRIN demonstrated significantly enhanced 
tumor growth (Tang et al. 2005) and distant metastasis (Zucker et al. 2001) when 
compared with control vector transfected tumor cells. This has similarly been 
demonstrated in xenografted HNSCC cell lines (Rosenthal et al. 2006). These results 
suggest that EMMPRIN would be an outstanding therapeutic target in HNSCC. 

EMMPRIN is expressed on the cell surface of tumor cells in HNSCC and 
promotes MMP expression in surrounding fibroblasts. Although well recognized 
as a critical molecule in the progression, growth, and metastasis of HNSCC, the 
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mechanism by which EMMPRIN recruits fibroblasts and promotes these effects 
remains largely unknown. EMMPRIN exists primarily on the cell surface of tumor 
cells, but relatively small levels of EMMPRIN are released from the tumor cell 
surface, most likely through microvesicle shedding. EMMPRIN has been found to 
stimulate fibroblast and endothelial cell expression of MMP1, MMP2, MMP3, and 
MT1-MMP in cancer (Caudroy et al. 2002; Braundmeier et al. 2006; Dalberg et al. 
2000). This effect has been shown to occur in dose-dependent manner for multiple 
tumor types using recombinant and isolated protein (Guo et al. 1997; Taylor et al. 
2002). EMMPRIN functions to stimulate surrounding stromal elements such as 
fibroblasts and endothelial cells, but because the receptor for EMMPRIN has not 
been identified, its paracrine and autocrine effects have not been fully elucidated. 
However, EMMPRIN-mediated collagen degradation has been shown to be depen- 
dent on MMPs derived from fibroblasts, rather than tumor cells (Zhang et al. 2006). 
Despite its label as an inducer of MMPs, this may not reflect its primary role in 
tumor development, which has recently been shown to be MMP independent in 
melanoma tumor growth (Table 12.1). 

Tumor cell derived EMMPRIN has recently been shown to stimulate angiogenesis 
(Tang et al. 2005). Angiogenesis is present in most malignant tumors and is defined 
by an increase in the density of small capillaries (Hanahan and Folkman 1996). 
It is critical for tumor formation and is recognized as a potential therapeutic target 
(McDonald et al. 2004) in multiple cancer types. However, accurate therapeutic 
targeting requires an improved understanding of the steps leading to neovascular- 
ization. Tumor cells' recruitment of endothelial cells into the tumor is dependent 
upon the elaboration of cytokines within the tumor microenvironment. EMMPRIN 
stimulates VEGF expression in fibroblasts, which then acts to recruit endothelial cells. 
Using breast cancer cell lines engineered to express variable levels of EMMPRIN, 
it was shown that fibroblasts and endothelial cells express VEGF in response to 
EMMPRIN stimulation (Tang et al. 2005). Xenografts of these same cells result in 
accelerated growth in vivo and are associated with increased capillary density and 
elevated VEGF levels (Tang et al. 2005; Zucker et al. 2001). Although it has recently 
been shown that EMMPRIN stimulates expression of VEGF, other potential mech- 
anisms of EMMPRIN-mediated tumor growth are likely. 

Therapies directed against early tumor development and arresting local tumor 
invasion are critical in HNSCC because these patients have poor survival rates and 
a high second primary tumor rate. HNSCC most commonly arises in patients with 
a history of smoking and alcohol consumption. After initial presentation, patients 
have a 5-7% second primary rate per year because diffuse carcinogenic changes 
occur throughout the upper areodigestive tract (Scherubl et al. 2002; Casiglia and 
Woo 2001; Leon et al. 2001). Furthermore, they are at high risk for other respiratory 
malignancies and gastrointestinal and uroepithelial cancers (Leon et al. 2001; 
Kuriakose et al. 2002). Because of the high rate of second primaries and local- 
regional recurrence, these patients are ideal candidates for preventative therapies 
directed at inhibiting early tumor progression and local tumor invasion. 

Evidence outlined above suggests one mechanism by which tumor cells 
harness peritumor fibroblast-mediated ECM degradation is through cell-surface 
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Table 12.1 Source of expression of proteases and growth factors within the tumor mass 



Expression 

Expression 


Factor 

in tumor 

in stroma References 


EMMPRIN (CD 147) 

+ 


Poletteetal. (1997) 


MMFs 





MMP-1 

+ 

++ 

Mueller and Fusenig (2002), Birkedal-Hansen 
(1995), Ala-aho et al. (2004), and Muller 




etal. (1993) 


MMP-2 

+ 

++ 

O-Charoenrat et al. (2001b), Heppner 
et al. (1996), Patel et al. (2005), and 
Arenas-Huertero et al. (1999) 

MMr-j 

+ 

++ 

Egeblad and Werb (2002), Heppner et al. 
(1996), and Stamenkovic (2000) 

MMP-7 

+ 


Egeblad and Werb (2002), Heppner et al. 
(1996), Fingleton et al. (2001), and Cunha 
and Matrisian (2002) 

IVllvlr -o 



Lynch and Matrisian (2002) and DeClerck 




et al. (2004) 


MMP-9 

+ 

++ 

Coussens et al. (2000), Kurahara et al. (1999), 
Egeblad and Werb (2002), Mueller and 
Fusenig (2002), and Patel et al. (2005) 

IVllvlr- 1 U 

+ 

++ 

O-Charoenrat et al. (2001b) 

IVllvlr - 1 1 

+ 

++ 

O-Charoenrat et al. (2001b) and Heppner 




etal. (1996) 


IVllvlr 1 J 


++ 

Heppner et al. (1996), Mueller and Fusenig 




(2U02), Ala-aho et 

al. (2004), and Mandic 




et al. (2002) 


MTl-MMP (MMP141 


+ 

Rosenthal et al. (1999, 

2004b), Kurahara et al. 




(1999), and Tokumaru et al. (2000) 

MMP inhibitors 





TIMP-1 

+ 

H — h 

Heppner et al. (1996) 


T1MP-2 


+ 

Stetler-Stevenson (2008) and 

Stetler-Stevenson and Seo (2005) 

T1MP-3 


+ 

Kishnani et al. (1995) and Uria et al. (1994) 

RECK 

+ 

+ 

Li et al. (2007) and Clark et al. (2007) 

Growth factors 





VEGF 

+ 

++ 

Micke and Ostman (2005), Fukumura et al. 
(1998), and Guidi et al. (1996) 

TGF-P 

+ 


Micke and Ostman (2005) 

PDGF 

+ 


Micke and Ostman (2005) 

HGF/SF 


+ 

Micke and Ostman (2005) 


EMMPRIN extracellular matrix metalloproteinase inducer; MMP matrix metalloproteinase; TIMP 
tissue inhibitors of metalloproteinases; REGS' reversion-inducing-cystein-rich protein with Kazal 
motifs; VEGF vascular endothelial growth factor; TGF-ji transforming growth factor beta; PDGF 
platelet derived growth factor; HGF hepatocyte growth factor. + = expression; ++ = higher expression 


expression of EMMPRIN. Although tumor metastasis is enhanced in tumor cells 
overexpressing EMMPRIN in vivo, the significance of MMP recruitment in fibro- 
blasts remains unclear. It is unknown if EMMPRIN expression is able to transform 
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normal epithelial cells or to alter the invasive phenotype in HNSCC tumor cells. 
Understanding the significance of EMMPRIN in HNSCC tumor invasion may lead 
to new pharmacological agents or a better therapeutic design and use of MMP 
inhibitors as anticancer agents. 


Clinical Implications of MMPs in Cancer and the Failure 
of Clinical Trials 

Localization of the expression and identification of the role of MMPs in HNSCC 
are critical to improve results from previous broad spectrum MMP inhibitor trials. 
Initial trials of MMP inhibitors in phase II and III clinical trials proved to be 
complicated by reversible musculoskeletal pain as a side effect and poor clinical 
efficacy that failed to limit tumor progression in patients with late-stage tumors. 
Hindsight has provided many reasons for their clinical failure, including the impor- 
tance of targeting specific MMPs (Coussens et al. 2002). Understanding the role of 
MT1-MMP and its localization within the tumor microenvironment may lead to 
chemopreventive treatment of patients with premalignant disease to prevent the 
development of an invasive cancer. 

Phase II trials were largely omitted from the development process, and several 
drugs went directly to large-scale randomized trials that compared cytostatic MMP 
inhibitors (MMPIs) with cytotoxic therapies. Unfortunately, no significant benefit 
in survival or disease progression was found in patients with advanced-stage pancre- 
atic, gastric, breast, nonsmall cell lung, and prostate cancer (Sparano et al. 2004; 
Evans et al. 2001; Bramhall et al. 2002a). There were some more promising clinical 
trial results in gastric cancer and nonsmall cell lung cancer (Latreille et al. 2003; 
Bramhall et al. 2002b). Patients with limited musculoskeletal symptoms have 
improved survival in recent studies (Sparano et al. 2004). There are no published data 
on clinical trials with MMPIs in head and neck cancer, but results in other cancers 
imply that broad spectrum inhibitors will have limited clinical benefit due to the 
dose-limiting musculoskeletal symptoms. Perhaps, addition of MMPIs to conven- 
tional chemotherapy agents with nonoverlapping toxicities or radiation will be better 
tolerated by patients, allowing for combination therapy (Douillard et al. 2004). 

The failure of MMPIs in clinical trials remains baffling in light of the overwhelm- 
ing preclinical data to support in vivo antitumor activity. While it is possible that 
MMPIs simply are ineffective in human cancers, analysis of the MMPI clinical trials 
has identified some possible reasons for their failure. First, promising results in the 
laboratory reflect the failure of mouse models of human cancer to predict clinical 
benefit when assessing MMPIs. Although most novel therapeutic agents are subject 
to the same mouse model limitation, in the case of MMP investigations, it may be 
especially true because of the stromal source of the MMPs and the difference between 
human biology and mouse MMP biology (mice do not have a gene equivalent for 
MMP-1). Second, preclinical data that were available were not incorporated into the 
design of clinical trials; preclinical mouse data suggested that MMP inhibition was 
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far more efficient at preventing metastasis rather than reducing tumor size (Sledge 
et al. 1995). Third, the potential of MMPIs to inhibit intratumoral MMPs at the 
administered concentrations remains unknown. Dosing was dependent on muscu- 
loskeletal side effects rather than tissue penetration or inhibition of catalytic activ- 
ity. However, recent studies show that the serum levels of MMP inhibitors are 
sufficient to inhibit MMP activity in vitro at the administered dose (Sparano et al. 
2004). Fourth, limited information was available about specific MMP expression 
within tumors at the time of trial design. The specific MMP profile of different tumor 
types is highly variable. 

The only U.S. Food and Drug Administration (FDA)-approved MMPI is doxycy- 
cline hyclate (Periostat). This agent is an MMP-1 inhibitor used as an adjunct to 
prevent periodontitis despite the fact that it has no antibacteria activity. As a col- 
lagenase inhibitor, it prevents host derived MMPs from cleaving tooth-supporting 
ECM molecules. Although enthusiasm for cancer is limited, there are currently 
multiple MMPIs under evaluation for treatment of psoriasis, acne, arthritis, can- 
cer, and congestive heart failure (Peterson 2004). As a cell surface expressed 
protein, MT1-MMP would make an ideal target for antibody based therapies, but 
attempts to generate a human specific anti-MTl-MMP antibody-for therapy have 
not been successful owing to unclear reasons. 
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Chapter 13 

Chemokines and Their Receptors 
in Oral Cancer Metastasis 

Yvonne K. Mburu and Robert L. Ferris 


Abstract In oral cancers, a high degree of local invasion and metastases to the 
regional cervical lymph nodes is observed. Distant metastases occur at a low rate 
and are rarely observed until late in the disease. The underlying mechanism(s) of 
this site-specific metastasis has been the subject of numerous studies. Chemokine 
receptors have been described as being important in the metastatic process of 
these tumors given that the lymph nodes, which represent a key site of metastasis, 
also happen to be an abundant source of the chemokine ligands for oral cancer 
tumor-associated chemokine receptors. We review our current understanding of the 
role that chemokines, and their receptors play in the dissemination of metastatic 
disease in oral cancers while highlighting their importance to the overall survival 
and migratory ability of these tumors. Ongoing advances in our knowledge of cell 
migration and tumor metastasis continue to present opportunities for the development 
of prognostic markers and therapeutic intervention. 


Introduction 

Chemokines are small proinflammatory "chemotactic cytokines" that mediate the 
selective recruitment and directional migration of leukocytes to inflammatory sites. 
They are typically induced by inflammatory cytokines, growth factors, and pathogenic 
stimuli and signal through seven-transmembrane G-protein-coupled (chemokine) 
receptors (Rossi and Zlotnik 2000). Chemokines are structurally classified into 
four highly conserved groups based on the position of the first two N-terminal 
cysteine residues (C, CC, CXC, CX 3 C) (Zlotnik and Yoshie 2000). Chemokine 
receptors are also subdivided into these four families based on the family to which 
their cognate ligands belong (Table 13.1). 

Since chemokines were discovered over 20 years ago, they have been studied 
extensively, more so with regard to their role in cell motility. However, the promiscuity 
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Table 13.1 

Chemokine receptors and their ligands 

Family 

Chemokine receptor 

Chemokine ligands 

C 

XCRl 

xn i xn ? 

CC 

CCRl 

rn 3 rci s m <s cci i cc\ q/1 n rn 1 3 



CCL14, CCL15, CCL16, CCL23 


CCR2 

CCL2, CCL6, CCL7, CCL8, CCL12, CCL13, CCL27 


CCR3 

CCL5, CCL6, CCL7, CCL8, CCL11, CCL13, CCL15, 



CCL24, CCL26, CCL27, CCL28 


CCR4 

CCL17, CCL22 


CCR5 

CCL3, CCL4, CCL5, CCL8, 


CCR6 

CCL20 


CCR7 

CCL19, CCL21 


CCR8 

CCL1 


CCR9 

CCL25 


CCR10 

CCL27, CCL28 

cxc 

CXCR1 

CXCL1, CXCL6, CXCL7, CXCL8 


CXCR2 

CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, 



CXCL8 


CXCR3 

CXCL9, CXCL10, CXCL11 


CXCR4 

CXCL12 


CXCR5 

CXCL13 


CXCR6 

CXCL16 

cx 3 c 

CX 3 CR1 

CX 3 CL1 



Lymphoid Tumor growth, Angiogenesis/ Inflammation Wound Portals Lymphocyte Lymphocyte 
organ invasion, Angiostasis healing for viral trafficking & development 

development metastasis entry recruitment & differentiation 

Fig. 13.1 Chemokines control various cellular processes 

of ligand-receptor interactions in vivo coupled with functional redundancies of some 
chemokines and their receptors has slowed the progress in understanding how they 
are expressed and functioning. The naming of chemokines by the multiple groups that 
identified them has contributed to the confusion, although this problem has now been 
alleviated by adopting a numbering system that relies on the classification of the four 
structural families (Zlotnik and Yoshie 2000). Nevertheless, the interest in under- 
standing chemokines has been fueled by the finding that these molecules are 
expressed by not only lymphocytes but also many other cell types, and they control 
numerous physiological and pathological processes, including the metastasis of 
neoplastic cells to distant organs (Fig. 13.1). Recent reviews have alluded to the 


13 Chemokines and Their Receptors in Oral Cancer Metastasis 


289 


contribution by an inflammatory tumor environment by promoting angiogenesis, 
tumor growth, invasion, and metastasis and the crucial role played by cytokines and 
chemokines in inflammation-associated tumorigenesis (Lu et al. 2006). 


Involvement of Chemokines in Metastasis 

The pathological mechanisms of tumor metastasis are poorly understood. 
However, the wealth of the scientific literature has led to a general consensus that 
the propensity of a tumor to metastasize is a nonrandom process that depends on 
its interactions with the homeostatic factors that facilitate its continued proliferation 
and survival. In truth, this idea was first introduced cohesively by Stephen Paget 
in the late nineteenth century when he published the "seed and soil" hypothesis 
(Paget 1889). He studied hundreds of autopsy records from patients with different 
types of tumors and observed that there was a predisposition of tumors to migrate 
to specific organs. 

The evidence seems to me irresistible that in cancer of the breast, the bones suffer in a 
special way, which cannot be explained by any theory of embolism alone. Some bones 
suffer more than others; the disease has its "seats of election". (Paget 1889) 

He went on to propose the idea that certain tumor cells (the seed) migrated selectively 
toward organ microenvironments which facilitated their relentless growth (the 
soil). Each organ microenvironment, therefore, must possess certain unique "signa- 
tures" that qualify it as a suitable site for the migrating tumor cell to colonize suc- 
cessfully. This view is now widely accepted, and three contemporary theories have 
been postulated to explain the "homing" of cancer cells toward specific organ sites 
(Liotta 2001). The "organ selection" theory proposes that tumors emigrate from the 
primary site and spread through the circulation and/or lymphatics to a similar extent 
in all tissues, but the presence of appropriate growth factors in the target organs 
determines whether the invading tumor cells will establish successful metastases. 
The "adhesion" theory proposes that tissue-specific adhesion molecules expressed 
on the endothelial surfaces of target organs are responsible for anchoring migrating 
tumor cells and setting up a premetastatic niche that develops into a secondary 
tumor. The "chemoattraction" theory proposes that malignant cells expressing 
functional chemokine receptors can respond to organ-specific chemoattractant mol- 
ecules and migrate directionally along chemokine gradients to set up site-specific 
metastases in the target organ(s). Such chemotactic migration of tumors would mir- 
ror the physiologic mechanisms of lymphocyte homing into lymphoid organs. 

The observation that organs representing key sites of metastasis also happen to 
be abundant sources of the chemokine ligands for certain tumor-associated 
chemokine receptors has piqued interest in this theory. Initial evidence for the 
involvement of chemokines in metastasis was presented in a seminal article by 
Muller et al., who demonstrated that CXCR4 and CCR7 expression in breast cancer 
cell lines resulted in metastases to organs that express high amounts of the respective 
cognate ligands, CXCL12 and CCL 19/21 (Muller et al. 2001). Other groups have 
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confirmed these findings, including work by Wiley et al. showing that transfection 
of CCR7 into a murine melanoma cell line was sufficient to result in a significant 
increase in lymph node metastasis in vivo (Wiley et al. 2001). Moreover, it has been 
shown that the neutralization of such chemokine receptor-ligand interactions 
results in a marked inhibition of metastases, suggesting that such an avenue might 
represent a potential target for clinical intervention. Thus, chemokine receptor- 
expressing tumors are capable of responding to environmental cues intended for 
immune cells and mimicking physiologic mechanisms of leukocyte migration to 
further their own migration and colonization of secondary microenvironments 
(Fig. 13.2). 

In oral cancers, a high degree of local invasion and metastases to the regional 
cervical lymph nodes is observed. Distant metastases occur at a low rate and are 
rarely observed until late in the disease. The underlying mechanism(s) of this 
site-specific metastasis has been the subject of numerous studies. In particular, the 
chemokine receptors CXCR4 and CCR7 have been described as being important in 
the metastatic process of these tumors. This chapter aims to review our current 
understanding of the role that chemokines and their receptors play in the dissemina- 
tion of metastatic disease in oral cancers while highlighting their importance to the 
overall survival and migratory ability of these tumors. Ongoing advances in our 
knowledge of cell migration and tumor metastasis continue to present opportunities 
for the development of prognostic markers and therapeutic intervention. 



to regional LN. 

Fig. 13.2 Schematic of chemokine-mediated metastasis 
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Chemokine Expression Patterns in Oral Cancer 

As in numerous other malignancies, various chemokines and their receptors have 
been found to be overexpressed in oral cancers. Indeed, multiple chemokine- 
receptor interactions are likely to be important in oral cancer progression, although 
it is not clear whether they can act in synergy. The chemokine ligand CCL2 is 
expressed in esophageal squamous cell carcinoma (SCC) and was reported to play 
a role in macrophage infiltration and the enhancement of tumor vascularity (Ohta 
et al. 2002). The expression of CXCL1 [found to be expressed in melanoma 
(Dhawan and Richmond 2002)] was studied in oral SCC and found to be overex- 
pressed in 40% of the cases examined (Shintani et al. 2004). This expression was 
correlated with tumor angiogenesis, leukocyte infiltration, and nodal metastasis. 
In another study utilizing microarray analysis, gene expression was compared 
between synchronous primary and metastatic head and neck SCC. Among other 
genes, the chemokines CXCL5 and CXCL8 were found significantly upregulated 
in metastatic SCC (Miyazaki et al. 2006a). The targeting of CXCL5 in these cells 
using RNA interference resulted in decreased proliferation of cells, impaired ability 
to migrate and invade in vitro, and inhibited tumor formation in vivo, suggesting 
that CXCL5 is intimately involved in these tumorigenic properties (Miyazaki et al. 
2006b). On the other hand, CXCL8 (a well characterized proangiogenic chemokine) 
was shown to upregulate matrix metalloproteinase (MMP)-7 secretion, thereby, 
contributing to oral SCC invasion and migration by facilitating the degradation of 
the basement membrane (Watanabe et al. 2002). 

Chemokine receptor expression has also been investigated in oral cancers. 
CXCR4 has been found upregulated in oral SCC as compared with normal epithe- 
lium and signaling with its cognate ligand CXCL12 is suggested to be important 
for the establishment of lymph node metastasis in oral SCC (Delilbasi et al. 2004; 
Uchida et al. 2003; Ishikawa et al. 2006), as discussed in detail below. Another 
study comparing the expression of various chemokine receptors in autologous pri- 
mary and metastatic SCC cell lines found that CCR6 is selectively expressed in 
primary tumors while CCR7 appears to be upregulated significantly in metastatic 
SCC tumors (Wang et al. 2004). Further studies have implicated CCR7 expression 
in the lymph node metastasis of SCC. 

In light of the variable and often heterogeneous patterns of chemokine expres- 
sion that have been observed on tumor cells, the mechanisms that are responsible 
for reprogramming malignant cells to express functional chemokine receptors need 
to be further examined. Given the degree to which metastatic tumors differ both 
genotypically and phenotypically from their parental primary tumors, it is generally 
agreed upon that tumor environmental factors must play a key role in shaping the 
repertoire of receptor expression on the evolving neoplasm. Whether these receptor 
changes occur at the primary tumor site or at the secondary tumor site remains to 
be investigated (Bernards and Weinberg 2002; Hynes 2003). Studies on the activa- 
tion of CXCR4 expression have demonstrated that hypoxic conditions or mutations 
that result in the accumulation of the hypoxia-inducible factor (HIF) can lead to the 
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upregulation of CXCR4 (S taller et al. 2003; Schioppa et al. 2003; Burger and Kipps 
2006). This provides a likely mechanism for the expression of CXCR4 on patient 
tumors which are often hypoxic due to poor blood supply. The stimulation of 
endothelins in breast cancer has also been suggested to induce CCR7 through the 
activation of HIF-1 (Wilson et al. 2006). Autocrine signaling through the vascular 
endothelial growth factor has also been shown to induce the expression of CXCR4 
in breast cancer cells (Bachelder et al. 2002). Furthermore, the activation of the 
nuclear transcription factor nuclear factor kappa B (NF-kB) has been reported to 
be important for the induction of CXCR4 and CCR7 expression, both of which are 
NF-kB target genes (Helbig et al. 2003; Kulbe et al. 2005; Richmond 2002; Mburu 
et al. 2006). Epigenetic modifications that result in alterations in gene activity have 
also been reported to be responsible for CXCR4 and CCR7 upregulation in mela- 
noma (Mori et al. 2005). 

In summary, the chemokines CXCR4 and CCR7 are the most widely studied 
examples of chemokine receptors involved in metastasis and provide the most 
compelling data. Not surprisingly, the ligands for these receptors are expressed in 
the lymph nodes which are key sites for oral cancer metastasis. The rest of this 
chapter will be devoted to highlighting our understanding of these chemokine 
receptors and their overall significance to oral cancer progression and metastasis. 


Role of CXCR4 in Oral Cancer Metastasis 

CXCR4 is the most commonly overexpressed chemokine in human cancers. Its 
expression has been described in at least 23 different human malignancies, includ- 
ing breast cancer, colorectal cancer, cervical cancer, melanoma, and SCCs (Balkwill 
2004a, b), and has been associated with tumor progression and poor prognosis in 
these malignancies. Although CXCR4 can sometimes be found expressed at very 
low levels in some normal tissues, its overexpression in various cancers has 
resulted in a vigorous scientific effort to understand its regulation and function in 
tumor cells. 

As earlier described, CXCR4 has been found to be frequently overexpressed in 
oral SCC and has been significantly associated with various clinicopathological 
factors including lymph node metastasis (70% of cases examined), tumor recur- 
rence (74%), and mode of invasion, where its expression was strongly associated 
with grade-4 diffuse type invasion (85%) (Almofti et al. 2004). Notably, there was 
no association between CXCR4 expression and age, sex, or tumor size. In addition 
and likely as a result of the aforementioned factors, the overall prognosis for 
patients with CXCR4-positive tumors remains poorer than that of patients with 
CXCR4-negative tumors. In another study, transfection of CXCR4 into an oral SCC 
cell line with poor metastatic potential generated a highly metastatic cell line that 
was found to frequently metastasize to the cervical lymph nodes but not to distant 
organs of an orthotopic mouse model (Uchida et al. 2004). These nodal metastases 
could be inhibited by the use of mitogen activated protein (MAP) kinase inhibitors, 
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or by phosphatidylinosotol 3 kinase (PI3K) inhibitors, suggesting that the CXCR4/ 
CXCL12 signaling axis was important for the establishment of these metastases. 

While the significance of CXCR4 expression on a tumor cannot be overstated, 
it is also becoming increasingly clear that the expression of CXCL12 by tumors 
may be important in determining the overall prognosis. A recent study found that 
the 5-year survival of patients with CXCL12-positive tumors was significantly 
lower (25%) than that of patients with CXCL12-negative tumors (71%) (Uchida 
et al. 2007). In this study, cases of secondary lung metastasis were reported in 
patients with CXCL12-positive tumors. In examining the factors that determine 
regional vs. distant CXCR4-mediated metastasis in oral SCC, the role of autocrine and 
paracrine secretion of the CXCL12 ligand was analyzed. A CXCR4-positive oral 
SCC cell line transfected to express CXCL12 was reported to have more meta- 
static foci and heavier lymph node metastases in an orthotopic mouse model than 
the parental CXCL12-negative cell line. Furthermore, intravenous inoculation of 
the tumor cells (hence, seeding of lung tumors) resulted in numerous metastatic 
nodules in the lungs with CXCL12-positive tumors while few (if any) were observed 
from CXCL12-negative tumors. These findings suggest that autocrine CXCR4/ 
CXCL12 signaling is responsible for the establishment of distant metastases due 
to the acquisition of an aggressive metastatic potential. Notably, the use of a 
CXCR4 antagonist inhibited the in vitro motility of tumors, significantly reduced 
the in vivo formation of metastatic nodules and prolonged the survival of tumor- 
bearing mice. 

Further studies have examined this CXCR4/CXCL12 signaling axis, and the 
role it plays in the stimulation of other intracellular signaling pathways that are 
important for cell motility. Studies from various tumor models suggest that 
chemokines may facilitate the metastasis of tumors by inducing the expression of 
MMPs and collagenases. Indeed, CXCR4 stimulation by its ligand CXCL12 in 
head and neck SCC has been demonstrated to increase cell adhesion and activate 
the secretion of MMP-9, a key component in the degradation of ECM proteins 
(Samara et al. 2004). Moreover, CXCR4/CXCL12 signaling in oral SCC cells has 
also been associated with the induction of the epithelial-mesenchymal transition, a 
critical event occasionally observed prior to tumor invasion by which the cells 
acquire a more aggressive phenotype by exhibiting reduced cell-cell adhesion and 
increased motility. This transition was dependent on the PI3K signaling pathway 
(Onoue et al. 2006). 


Role of CCR7 in Oral Cancer Metastasis 

The distinct migration pattern of oral cancers into regional tumor-draining lymph 
nodes raised a particular interest in examining the role of CCR7 and its ligands in 
metastasis. A recent study on dendritic cell (DC) migration indicated that CCR7 
appears to be a stronger mediator of lymph node homing than CXCR4 (Humrich 
et al. 2006) providing impetus to further explore the involvement of the CCR7 in 
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metastasis of oral cancers to regional lymph nodes. Indeed, CCR7 has been 
associated with lymph node homing of several malignancies including breast 
cancer, melanoma, gastric cancer, esophageal cancer, and head and neck SCC 
(Muller et al. 2001; Wiley et al. 2001; Wang et al. 2004; Mashino et al. 2002; Ding 
et al. 2003). High CCR7 expression in esophageal SCC tumors was correlated with 
clinicopathological characteristics such as tumor depth, TNM stage, lymphatic 
invasion, and lymph node metastasis (Ding et al. 2003). Not surprisingly, esopha- 
geal carcinoma patients with CCR7 -positive tumors were reported to have signifi- 
cantly poorer prognosis than those with CCR7-negative tumors. 

In head and neck SCC cell lines, the transcriptional expression of various 
chemokine receptors (CCR1 to CCR10 and CXCR1 to CXCR5) was examined 
using real-time polymerase chain reaction (PCR). Though there was some appre- 
ciable albeit inconsistent expression of the other chemokine receptors, CCR7 was 
the only chemokine receptor that was found to be consistently upregulated in meta- 
static tumors as compared with the autologous primary tumors (Wang et al. 2004). 
This trend was mirrored in patient tissue biopsies using immunohistochemical 
staining. In this study, surface chemokine expression on primary tumors was found 
to be predominantly CCR6 + CCR7 low while their metastatic counterparts were 
CCR6" CCR7 hlgh . This receptor expression is reminiscent of the response of 
immune cells to inflammatory stimuli: peripheral immature DCs express CCR6 but 
lose this receptor upon antigen uptake and maturation and upregulate CCR7 which 
facilitates emigration from peripheral sites and trafficking into the lymph nodes. 
That these head and neck SCC cells can mimic the differentiation, and migration 
pattern of DCs is noteworthy and calls for further investigation into the inflamma- 
tory signaling mechanisms involved. 

CCR7 expression has been reported to protect circulating CD8 + T cells from 
apoptosis (Kim et al. 2005). Likewise, our studies have shown that CCR7 expres- 
sion in head and neck SCC mediates pro-survival and invasive pathways through 
PI3K activation (Wang et al. 2005a) (Fig. 13.3). Autocrine CCR7 activation has 
been identified in head and neck SCC cell lines. Indeed, the autocrine and paracrine 
activation of CCR7 may promote tumor aggressiveness by maintaining basal acti- 
vation of these survival and invasive pathways (Wang et al. 2008). Recent data 
suggest that CCR7-mediated pro-survival pathways may be responsible for the 
resistance of head and neck SCCs to platinum-based chemotherapies, thereby, asso- 
ciating CCR7 expression with aggressive, recurrent tumors. 

In our studies, we have also investigated the in vivo role of the CCR7-CCL 19/21 
signaling axis in tumor progression by utilizing pit mice. The pit mutation results 
in the loss of expression of CCL19 and CCL21-ser in the secondary lymphoid 
organs and, therefore, an inability to recruit CCR7 + cells to these organs. When a 
CCR7 + murine oral SCC cell line was implanted in pit mice, we observed a lower 
rate of tumor growth and a lower ultimate tumor burden as compared with Balb/c 
littermates, suggesting that CCR7 stimulation by its ligands was important for 
tumor progression (Wang et al. 2008). Whether this pit mutation leads to decreased 
lymphatic invasion of tumors and fewer lymph node metastases is still under 
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Fig. 13.3 CCR7 signaling mediates survival and invasive pathways through PI3K 


investigation. However, the data support that CCR7 signaling contributes to tumor 
survival and proliferation. It is also worth noting that the elevated expression of 
CCR7 ligands has been correlated with the presence of CCR7 + tumors (Wang et al. 
2005b; Takeuchi et al. 2004). 

In yet another study, when chemokine expression in SCC was compared with 
adenoid cystic carcinoma (ACC), head and neck SCC were found to consistently 
upregulate CCR7 and CXCR5 mRNA (Muller et al. 2006). In cell lines, CCR7 
was only detectable intracellularly whereas surface expression was evident in 
tissue sections examined by immunohistochemistry. On the other hand, CXCR4 
was found to be predominantly expressed in ACC as opposed to SCC tumors. 
This was consistent with the tendency for ACC to metastasize to distant sites such 
as the lung and liver (Fordice et al. 1999), both abundant sources of CXCL12. 

The discordant findings from different groups based on the expression of 
CXCR4 and CCR7 in head and neck SCC may reflect differences in the histological 
phenotypes and clinical characteristics of head and neck carcinomas in general. 
However, it also emphasizes the importance of examining patient tissue biopsies to 
corroborate findings from cultured cell lines, and reinforces the need to investigate 
the mechanisms that induce chemokine expression in SCCs. We cannot rule out the 
concomitant expression of these chemokine receptors, and it is indeed likely that 
multiple chemokine-receptor interactions are important at various stages in SCC 
progression and metastasis. 
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Conclusion 

Current treatment modalities for oral SCC have established fairly good locoregional 
control. However, the progression to metastatic disease remains the major hurdle in 
the overall tumor control and patient survival. As reviewed in this chapter, chemok- 
ines and their receptors can act at multiple points on the path to malignancy. Based 
on their involvement in tumor proliferation, invasion and metastasis, and the effica- 
cies observed in preclinical cancer models using chemokine-based immunotherapy, a 
new paradigm for cancer therapy emerges. Targeting this chemokine ligand/receptor 
axis and neutralizing the tumor-chemokine networks could provide exciting new 
therapeutic options in oral SCC and a range of other malignancies. 
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Chapter 14 

Hypoxia, Angiogenesis, and Oral 
Cancer Metastasis 


Quynh-Thu Le, Donald Courter, and Amato Giaccia 


Abstract With the improvements in the diagnosis and management of head and 
neck cancer (HNC), there appears to be a shift in the pattern of failure. Better 
locoregional control is now achievable with combined modality therapy, and this 
has translated into a higher rate of observed distant metastasis. A similar shift in 
the pattern of failure over time has also been noted in oral cavity cancers. In addition, 
patients who develop distant metastasis have an extremely poor prognosis, with 
only few long-term survivors. A better understanding of the molecular pathways 
governing tumor dissemination is critical for the treatment and prevention of 
metastases in oral cavity cancers. Both tumor hypoxia and angiogenesis have been 
implicated in the development of distant metastasis in solid cancers, specifically 
HNC. Both processes mediate the induction of several genes that have been shown 
to modulate cellular properties critical for tumor dissemination. In this chapter, we 
review the role of hypoxia and angiogenesis in the development of metastasis, with 
a focus on oral cavity cancer. 


Introduction 


With the improvements in the diagnosis and management of head and neck cancers 
(HNC), there appears to be a shift in the pattern of failure (Argiris et al. 2003). 
Combined modality therapy has greatly improved the ability to control the tumor 
locally. As locoregional control has improved, the ability to prevent distant meta- 
static spread is becoming increasingly important (Brockstein et al. 2004). A similar 
shift in the pattern of failure over time has also been reported in oral cavity cancers 
(Kowalski et al. 2005). In addition, patients who develop distant metastasis have an 
extremely poor prognosis, with only few patients surviving long-term despite 
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aggressive salvage therapies (Kowalski et al. 2005; Liao et al. 2007). A better way 
to address this dilemma is to identify patients who are prone to develop distant 
spread as early as possible and to treat them with novel targeted therapy to prevent 
tumor dissemination. A better understanding of the molecular pathways or factors 
governing tumor metastasis in oral cavity cancer is critical for such strategies. 

Hypoxia or a reduction of the tissue oxygen tension is a common microenviron- 
mental factor in solid tumors. Poorly oxygenated regions develop within cancers 
due to aberrant blood vessel formation, fluctuations in blood flow, and inability of 
the existing tumor vasculature to meet the oxygen demands of rapid tumor expan- 
sion (Brown and Giaccia 1998). That hypoxia exists in human tumors was first 
noted in 1955 by Thomlinson and Gray (1955). It was subsequently shown that 
hypoxia limited the response of tumor cells to traditional treatment such as radia- 
tion and chemotherapy, and these findings resulted in the devotion of substantial 
laboratory and clinical efforts to overcome this phenomenon (Brown and Giaccia 
1998; Kennedy et al. 1980). In addition to modulating treatment responses, tumor 
hypoxia has also been implicated in the development of distant metastasis. Clinical 
studies have suggested that it is an important microenvironmental determinant for 
tumor cell dissemination distantly (Brizel et al. 1996; Nordsmark et al. 2001). 
Laboratory investigations show that adaptation of tumor cells to an anaerobic envi- 
ronment can be achieved through the transcriptional induction of genes involved in 
angiogenesis, survival, and tissue invasion - cellular processes critical for the 
development of metastasis (Harris 2002; Le et al. 2004). We have previously 
reviewed the relationship between hypoxic gene expression and solid tumor metas- 
tasis (Le et al. 2004). In this chapter, we discuss the relationships between hypoxia, 
angiogenesis, and metastasis in HNC in general and, where data are available, in 
oral cavity cancers specifically. As most data published in the literature have mainly 
related hypoxia and angiogenesis to overall patient prognosis in HNC rather than 
discuss their impact on nodal or distant metastasis, we will first cover the role of 
these two microenvirnomental factors on the overall treatment outcomes in head 
and neck and oral cavity cancers and, where available, their impact on tumor 
metastasis. 


Hypoxia and Prognosis in Head and Neck Cancers 

Head and neck cancers were of the first few tumors that were shown to harbor 
hypoxia using the Polarographic needle electrodes (pO, histograph, Eppendorf, 
Hamburg, Germany) (Lartigau et al. 1993). Using this device, a sensing electrode, 
mounted on the tip of a needle, is advanced automatically via a step motor through 
the tissue taking readings rapidly (within 1 .4 s) to avoid changes in oxygen tension 
resulting from pressure artifacts or tissue damage caused by the needle. A histo- 
gram of oxygen tensions can then be generated from multiple points along different 
tracks through the tissue. An example of measurements made in an oral tongue 
cancer, the involved neck node, and the adjacent normal subcutaneous tissue from 
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Fig. 14.1 Representative p0 2 histograms obtained from three different subsites in a patient with a 
T3N2b oral tongue cancer. The y-axis on the histogram shows the percentage of the total p0 2 mea- 
surements obtained in each site (usually 60-70 measurements), (a) The primary oral tongue cancer, 
(b) A metastatic neck node, (c) Subcutaneous tissue from the contralateral uninvolved neck 


the same patient is shown in Fig. 14.1. The normal tissues show a typical Gaussian 
distribution of oxygen tensions with a median between 40 and 60 mmHg, whereas 
tumors and their involved nodes invariably show a lower oxygen tension distribution. 
Gatenby et al. first reported that HNC with lower p0 2 had poorer radiation response 
than those with higher p0 2 (Gatenby et al. 1988). Since then, several studies have 
confirmed that low tumoral pO„ defined by either the median value or the hypoxic 
proportion (% readings below 2.5 [HP2.5] or 5 mm Hg [HP5]), correlates with 
treatment outcomes in HNC patients treated with radiation or chemoradiotherapy 
(Rudat et al. 2000; Brizel et al. 1999; Nordsmark and Overgaard 2000; Rudat et al. 
2001). One study also found that tumor p0 2 predicted for pathologically persistent 
neck nodes in patients undergoing a neck dissection for clinical N2-3 necks after 
the chemoradiation treatment (Brizel et al. 2004). Pooled data in 397 HNC patients 
provided definitive evidence that tumor pO, is an independent predictor for survival 
(Nordsmark et al. 2005). In this study, HP2.5 was the only independent prognostic 
factor for survival. Patients with HP2.5< 19 % faired significantly better than those 
with HP2.5>19% {p = 0.0006). 
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Other studies, using different methods to measure tumor hypoxia, reported 
similar findings. Evans et al. used EF5 [2-(2-nitro-lH-imidazol-l-yl)-A^-(2,2,3,3,3- 
pentaflouropropyl) acetamide], a nitroimidazole-based injectable reporter drug to 
assess hypoxia in 22 HNC patients, of which 15 were from oral cavity subsites 
(Evans et al. 2007). EF5 forms stable adducts with intracellular macromolecules only 
in hypoxic regions (<10 mm Hg), and detection of these adducts with antibodies can 
provide information on the relative oxygenation at cellular resolution (Ljungkvist 
et al. 2007; Evans and Koch 2003). They reported that patients with an EF5 binding 
pattern that corresponded to severe hypoxia had shorter event-free survival than 
others (Evans et al. 2007). Similar findings were reported for pimonidazole 
(l-[(2-hydroxy-3-piperidinyl)propyl]-2-nitroimidazole hydrochloride), an analog 
of EF5, in another group of HNC patients. High pimonidazole staining correlated 
with a higher risk of locoregional relapse in patients treated with radiotherapy alone 
but not in patients treated with radiotherapy plus carbogen and nicotinamide, which 
are used to modulate tumor hypoxia (Kaanders et al. 2002). 


Hypoxia in Oral Cavity Cancers and Metastasis 

Although promising, reported studies to date had included tumors from all head and 
neck subsites and none had focused directly on oral cavity cancers. In addition, the 
pattern of relapse was not described in most of these series. We measured tumor 
pO, in 21 patients with oral cavity primary tumors: 11 in the oral tongue, six in the 
floor of mouth, three in the lip, and one in the hard palate. Table 14.1 shows the 
demographic and pO, data for these individual patients. Figure 14.2 shows that 
the median pO, measurements in the tumor were significantly lower than those 
obtained from the control subcutaneous tissues in the same patients. Of these 
patients, five developed eventual distant metastasis. There was a trend for higher 
HF2.5 in the five patients who developed distant metastasis (average HF2.5 of 39% 
+/- 14) when compared with those who did not (average HF2.5 of 22% +/- 7); 
however, the difference was not statistically significant (/? = 0.26). 

Similar findings have been reported for tumor hypoxia in other solid cancers. 
Brizel et al. showed that patients with hypoxic soft tissue sarcomas (median 
pO 2 <10 mmHg) had a significantly higher risk of lung metastasis and lower 
disease-free survival when compared to those with less hypoxic tumors (Brizel 
et al. 1996). These data were subsequently confirmed by Nordsmark et al., who 
found an association between low tumor p0 2 and increased risk of distant spread 
in 28 patients with soft tissue sarcomas (Nordsmark et al. 2001). Another connection 
between tumor hypoxia as measured by the polarographic needle electrode came 
from Fyles et al., who reported a lower progression-free survival rate in node- 
negative cervical cancer patients with hypoxic tumors (higher HP5) when com- 
pared to those with better oxygenated tumors and that most of the failures occurred 
outside the pelvis, consistent with enhanced distant tumor dissemination with 
hypoxia (Fyles et al. 2002). 
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Fig. 14.2 Box plots showing the distribution of the median pO, measurements in the tumors or 
involved cervical nodes vs. the subcutaneous normal tissues in 21 patients with oral cavity cancers 


Relationship Between Certain Hypoxia Induced Proteins 
and Outcomes 

Hypoxia-Related Proteins Detectable in Tumor Tissues 

Adaptation of cells to an anaerobic environment is achieved by the transcriptional 
induction of genes that are involved in glycolysis, hematopoiesis, angiogenesis, 
invasive capacity, and regulating vascular tone, as well as a number of other func- 
tions (Giaccia et al. 2003). Perhaps the earliest insight into the transcriptional regu- 
lation of gene expression by hypoxia came from studies on erythropoietin (EPO) 
gene regulation. In the early 1990s, several groups demonstrated that the hypoxic 
inducibility of the EPO gene was due in part to a hypoxia response element (HRE), 
5'-ACGTG-3', localized in its 3' flanking region (Semenza et al. 1991; Imagawa 
et al. 1991). The transcription factor that bound this HRE was designated the 
hypoxia inducible factor- 1 (HIF-1) and is composed of two subunits, an oxygen 
sensitive HIF-1 a subunit, and a constitutively expressed HIF-1 P subunit (Wang 
and Semenza 1995). Since then, HIF1 has been shown to regulate several genes that 
have been implicated in tumor progression and treatment resistance (Harris 2002; 
Le et al. 2004). HIF-1 and several of its downstream targets such as Glut-1 (glucose 
transporter- 1), carbonic anhydrase IX (CA IX), and vascular endothelial growth factor 
(VEGF) have been widely investigated as prognostic markers in HNC with mixed 
results. Table 14.2 summarizes representative large clinical series (>50 patients) 
that focused on the prognostic significance of HIF-1, CA IX, and Glut-1 for HNC. 
Studies that contained oral cavity cancers were included. It is by no mean an 
exhaustive list, but it does show that in general, elevated expression of these markers 
portends poorer outcomes in patients treated with either nonsurgical or surgical therapies. 
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Within this group, very few studies reported data on nodal relapse or distant metas- 
tasis. Oliver et al. reported that intense Glut-1 staining was associated with a higher 
risk of regional relapse but not local relapse in 54 patients with oral cavity tumors 
(Oliver et al. 2004). Similarly, Jonathan et al. showed that higher pretreatment 
expression of Glut-1 was associated with an increased risk of distant relapse in 58 
HNC patients treated with accelerated radiation therapy with carbogen and nicoti- 
damide (ARCON therapy); 9% of these patients had oral cavity primaries (Jonathan 
et al. 2006). 

Other endogenous tissue markers that have been studied in relation to hypoxia 
include VEGF, ephrin Al, lysyl oxidase (LOX), and galectin-1 (Le et al. 2005; Le 
et al. 2007; Erler et al. 2006; Linderholm et al. 2003). Data on VEGF and Ephrin 
Al are discussed below in the angiogenesis section. Our group has identified LOX 
and galectin-1 as hypoxia induced proteins (Le et al. 2005; Erler et al. 2006). LOX 
is an amine oxidase that crosslinks collagens and elastins in the extracellular 
matrix. We have shown that LOX expression was associated with tumor hypoxia in 
patients with breast and head and neck cancers. Specifically, high LOX expression 
levels in the primary tumor before treatment correlated with a reduction in metastasis- 
free and overall survival in 101 HNC patients, of which 13% had oral cavity 
primaries (Erler et al. 2006). We demonstrated that LOX inhibition by different 
means, including genetic (LOX shRNA), chemical (beta-aminoproprionitrile), or 
antibody (anti-LOX blocking antibody), eliminated the formation of metastases in 
an orthotopic breast cancer model, and this occurred through the prevention of cell 
invasion and deterrence of metastatic growth (Erler et al. 2006). 

Using surface enhanced laser desorption ionization time of flight (SELDI-TOF) 
mass spectrometry on HNC cell lines, we identified galectin-1 as a hypoxia-induced 
protein, whose secretion is strongly enhanced by the hypoxia exposure (Le et al. 
2005). Previous data suggested that galectin-1, a beta-galactoside binding protein, 
is a novel regulator of the antitumor immune response. It has been shown to inhibit 
T-cell effector function by promoting T-cell apoptosis, blocking T-cell activation, 
and inhibiting secretion of pro-inflammatory cytokines (Rabinovich et al. 1999; 
Rubinstein et al. 2004; Chung et al. 2000). We, therefore, studied galectin-1 expres- 
sion in a HNC tissue microarray and investigated its relationship with tumor 
hypoxia and intratumoral immune surveillance as measured by the level of 
T-lymphocytes in the tumor (Le et al. 2005). We found a significant direct correla- 
tion between galectin-1 and CA IX staining (a marker for hypoxia, /? = 0.01) and a 
strong inverse correlation between galectin-1 and CD3 staining, a pan T-cell marker 
(p = 0.01). In addition, expressions of Galectin-1 and CD3 were significant predic- 
tors for overall survival on multivariate analysis and galectin-1 staining intensity 
predicted specifically for nodal failure (Fig. 14.3) but not for local or distant 
relapses. The direct relationship between galectin-1 and hypoxia and the inverse 
relationship between galectin-1 and T-cell levels in the tumor suggest a novel 
mechanism of how hypoxia can influence tumor progression and therapeutic 
response by affecting the secretion of proteins that modulate immune privilege. 

The advantage of using hypoxia-induced proteins to assess prognosis is that the 
levels of these proteins can be determined on archival materials, thereby allowing 


14 Hypoxia, Angiogenesis, and Oral Cancer Metastasis 


307 


J i i i I i i i I i i i I i i i I i i i I i i i I i i i L 


1.00- 



.80- 

L 1L. 86% 

69% 


.60- 



.40- 



.20- 
0.00- 

Strong (n = 56) 

Weak-negative (n - 44) 

P = 0.048 


0 20 40 60 80 

r | — i — i i | i — t i | 

100 120 140 


Time (months) 



Fig. 14.3 Kaplan Meier curves showing freedom from nodal failure by Galectin- 1 staining intensity 
in 100 HNC patients 


rapid correlation to treatment outcomes. In addition, it requires neither the injection 
of foreign material nor any additional invasive procedure beyond a biopsy at diagnosis. 
It is also inexpensive and does not require any dedicated equipment or expertise for 
analysis. A significant drawback to these approaches is that these proteins can be 
regulated by factors other than hypoxia. For example, HIF-la expression can be 
influenced by several nonhypoxic stimuli including nitric oxide, cytokines (interleukin 
[IL]-ip and tumor necrosis factor [TNF]-a), trophic stimuli (serum, insulin, insulin-like- 
growth factors), and oncogenes (e.g., p53, Vsrc, phosphate and tensin homolog 
[PTEN]) (Stroka et al. 2001; Zundel et al. 2000; Zelzer et al. 1998; Zhong et al. 
2000). Comparison of the staining patterns between endogenous and injectable 
markers for hypoxia such as pimonidazole showed that the former, in general, 
stained more diffusely and closer to the blood vessels than the latter, suggesting 
other modes of induction and activation at a wider range of oxygen concentration 
(Kaanders et al. 2002; Janssen et al. 2002). In addition, there is minimal correlation 
between the intensity of endogenous marker staining and tumor pO v In the most 
rigorous studies in which tumor biopsies were performed along the paths of the 
polarographic electrode and stained for HIF-la, CA IX, and Glut-1, there was no 
observed correlation between any staining parameter and measured pO, (Mayer 
et al. 2004, 2005a, b). These discrepancies make it less desirable to use an individual 
hypoxia inducible protein alone to identify patients with hypoxic tumors. 

To circumvent this dilemma, suggestions have been made to combine several 
hypoxia-regulated proteins together to improve specificity for hypoxic tumor iden- 
tification. For example, gene expression analysis has been used to generate a 
hypoxia gene signature or a hypoxia metagene to predict treatment outcomes in 
several solid tumors, including HNC (Chi et al. 2006; Winter et al. 2007). Using 
gene expression profiling of 59 HNCs, Winter et al. generated a hypoxia metagene 
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by identifying genes whose expression was clustered with 10 known hypoxia regulated 
genes (Winter et al. 2007). They found that this metagene was able to predict 
recurrence-free survival in an independent HNC data set as well as overall survival 
in another breast cancer series. We have also used a combination of gene expression 
and proteomic analyses to identify novel hypoxia induced proteins. After confirm- 
ing their hypoxic inducibility in cell lines and animal models, we investigated their 
utility in combination with CA IX to predict outcomes by staining the previously 
described HNC tissue array with known tumor pO r These studies resulted in a 
panel of four hypoxia markers (CA IX, LOX, Galectin-1, and Ephrin Al) that can 
be used to predict treatment outcomes in terms of cancer-specific survival (Le et al. 
2007). These endogenous hypoxia signatures, though promising, need to be validated 
in larger independent data sets. 


Secreted Hypoxia Related Protein Detectable in the Blood 

A major focus of research in our group is to identify secreted markers of hypoxia 
that can be rapidly and inexpensively measured in the blood. Even though several 
hypoxia-induce proteins are secreted, only a few of them have levels detected in the 
blood due to either protein sequestration locally as in the case of galectin-1 (Le et al. 
2005) or the current lack of a sensitive method (such as an enzyme-linked immu- 
nosorbent assay [ELISA]-based assay) to quantify their circulating levels as in 
LOX. The plasminogen activator inhibitor- 1 (PAI-1) and its related family member 
such as urokinase-type plasminogen activator (uPA) and urokinase plasminogen 
activator receptors (uPAR) are hypoxia inducible genes whose proteins are secreted 
(Koong et al. 2000; Sprague et al. 2007). In vitro studies have shown that the levels 
of these secreted proteins are increased by hypoxia and reoxygenation in HNC cell 
lines (Schilling et al. 2007; Sprague et al. 2006). However, there are no published 
data on the circulating levels of these markers in HNC patients. We have analyzed 
plasma samples from the 27 HNC patients enrolled in a study at our institution 
and found that none of these three factors had circulating levels which correlated 
with either tumor pO, or treatment outcomes (unpublished data). Figure 14.4 shows 
that although patients with hypoxic tumors had higher plasma PAI-1 levels than 
those with less hypoxic tumors, there was a significant overlap between the two 
populations, and the results were not statistically significant. 

Two markers that have been tested clinically with mixed results are VEGF and 
osteopontin (OPN). Although circulating VEGF levels were elevated in cancer 
patients (Riedel et al. 2000; Salven et al. 1997) and in those with acute hypoxia 
such as obstructive apnea (Imagawa et al. 2001), the relationship between tumor 
hypoxia and systemic VEGF levels is unclear. Dunst et al. found that serum VEGF 
levels independently correlated with hypoxic tumor subvolume in 56 HNC patients 
(Dunst et al. 2001). However, it also correlated with total tumor volume, hemoglo- 
bin level, and platelet counts. They did not report on the clinical significance of 
serum VEGF levels in terms of treatment outcomes. In contrast, we did not find a 
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Fig. 14.4 Box plots showing a lack of relationship between tumor p0 2 and plasma PAI-1 levels 
in 27 HNC patients 
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Fig. 14.5 Box plots showing a lack of relationship between tumor p0 2 and plasma VEGF levels 
in 19 HNC patients 


direct relationship between plasma VEGF and tumor p0 2 in the first 19 HNC 
patients in our study (unpublished observations, Fig. 14.5). We did, however, find 
a small, but significant, relationship between OPN level and tumor p0 2 in our HNC 
patient cohort, of which 22% had oral cavity primary tumors (Le et al. 2003). 
This was confirmed by Nordsmark et al. (2007) In addition, plasma OPN was an 
independent and significant predictor for treatment outcomes in these patients. 
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A prospective validation study using a different cohort of HNC patients, of which 
19% had oral cavity primaries, confirmed the prognostic significance of OPN, using 
the predefined cut point of 450 ng/ml from the prior study (Petrik et al. 2006). 
These results were validated by the Danish Head and Neck Cancer (DAHANCA) 
group in a larger group of HNC patients treated with radiation therapy +/- nimorazole, 
a hypoxic cell radiosensititizer (Overgaard et al. 2005). Intriguingly, only patients 
with high pretreatment circulating OPN levels benefited from nimorazole, whereas 
those with low to intermediate levels did not, suggesting that OPN may be used to 
select patients for hypoxia targeting. Further validation of this marker is ongoing in 
another set of HNC patients treated with or without tirapazamine (TPZ), a hypoxic 
cell cytotoxin. Since OPN is a secreted phosphoglycoprotein that has been implicated 
in tumor transformation and progression, specifically mediating nodal and distant 
metastasis in breast cancers (Singhal et al. 1997; Allan et al. 2006), we also ana- 
lyzed pattern of relapse based on OPN status. In the entire cohort of 140 HNCs, 
pattern of relapse studies suggested that higher OPN levels was associated with a 
higher risk of local and nodal relapse (Petrik et al. 2006). However, in a small 
subset of patients with oral cavity primary, there was a trend for more distant 
relapse with higher OPN levels, though the difference was not statistically signifi- 
cant (Fig. 14.6). 

Advantages of secreted markers for hypoxia is that they are noninvasive, easy to 
measure, and inexpensive and allow for serial measurements through the course of 
therapies. However, they do have the same drawbacks faced by endogenous tissue 
markers, including the lack of method standardization and regulation by factors 
other than hypoxia. In addition, spatial information is lost and contributions from 
noncancerous tissues and other pathological processes such as inflammation cannot 
be ruled out. For example, Jablonska et al. showed that the polymorphonuclear 
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Fig. 14.6 Kaplan Meier curves showing a trend for higher risk of distant metastasis by plasma 
Osteopontin levels in 16 patients with oral cavity cancers 
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leukocytes (PMN) derived from oral cavity cancer patients secreted more VEGF 
than those from healthy control subjects (Jablonska et al. 2002). Moreover, the 
level of VEGF secretion from PMN was correlated with tumor classification and 
was improved after therapy. On the basis of this experience, we recommend that 
one or multiple molecular markers be combined with another approach of assessing 
hypoxia such as imaging be used to define a tumor as being hypoxic. 

Angiogenesis and Prognosis in Head and Neck Cancer 
Vascular Endothelial Growth Factor 

Angiogenesis, the growth of new blood vessels, plays an important role in tumor 
progression and metastasis. For solid tumors to grow and metastasize, an adequate 
blood supply is essential. Vascular development and factors that regulate it have, 
therefore, been extensively studied in many tumor sites, including oral cavity cancers. 
Several studies have shown an increase in the number of small blood vessels in oral 
cavity cancers when they transitioned from normal mucosa to dysplasia to invasive 
tumors (Pazouki et al. 1997; Lopez de Cicco R et al. 2004). Similarly, multiple 
studies have shown that microvessel density count, based on CD31, CD34, or 
factor VIII staining, was associated with more advanced stage, specifically with 
more nodal metastasis at presentation (Ascani et al. 2005; Penfold et al. 1996; 
Gleich et al. 1997). 

Formation of the new blood vessels in cancer is mediated by different molecular 
pathways. Perhaps the most important pathway involved in tumor angiogenesis is 
the VEGF family of growth factors, of which VEGF [65 is the predominant isoform 
produced by tumor cells (Ferrara et al. 2003). VEGF receptors (VEGFRs), which 
are receptor tyrosine kinases (RTKs), exist in 3 known isoforms: VEGFR-1, 
VEGFR-2, and VEGFR-3 (Barbera-Guillem et al. 2002). VEGFR-2 is the main 
form that is found on the tumor vasculature. There is ample preclinical and clinical 
evidence that activation of the VEGF pathway is a major contributor to tumor 
angiogenesis and growth in solid tumors (Dvorak et al. 1999). Most tumor cells 
produce high levels of VEGF, and VEGFRs are expressed in tumor-associated 
endothelial cells. VEGF and VEGFR2 expressions are enhanced by hypoxia and 
are often elevated in regions of tumor necrosis (Ziemer et al. 2001). Various antagonists 
of VEGF have been shown to delay tumor growth. For example, tumor angiogen- 
esis and subsequent tumor growth are inhibited in vivo by antibodies directed 
against VEGF (Presta et al. 1997). Similarly, soluble VEGF receptor ectodomains 
suppressed the growth of tumors in vivo (Goldman et al. 1998). Phase III clinical 
trials have shown that the addition of bevacizumab, a monoclonal antibody against 
VEGF, to conventional chemotherapy resulted in increased survival in patients with 
metastatic colorectal and non-small cell lung cancers (Hurwitz et al. 2004; Sandler 
et al. 2006). The use of multikinase inhihibitors with anti-VEGFR2 activities 
resulted in a higher response rate and longer progression-free survival in patients 
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with metastatic renal cells carcinomas when compared with placebos or conventional 
therapy (Motzer et al. 2007; Escudier et al. 2007). 

The role of VEGF in tumor metastasis and outcomes has not been as clearly 
defined for oral cavity cancers as for other solid tumors. Most reported studies 
evaluated VEGF expression in tumors from different head and neck subsites, and 
only very few focused directly on oral cavity primaries. Table 14.3 is a summary 
of selective studies reported in the literature. As shown, several studies came from 
the same group and presumably overlapped with one another. In addition, patient 
populations are heterogeneous, different antibodies are used, and the staining 
criteria are variable from study to study. Nevertheless, most studies suggest that 
VEGF expression is a prognostic factor for survival or relapse on univariate but 
not multivariate analysis. This is consistent with the findings from a meta-analysis, 
which showed that VEGF positivity appeared to be associated with worse overall 
survival, though some modest biases cannot be excluded (Kyzas et al. 2005a). 
Only one study related VEGF expression to the risk of distant metastasis. Smith 
et al. reported on 56 oral cavity and oropharyngeal cancer patients, of which over 
half had oral cavity primaries (Smith et al. 2000). They found that tumors with 
strong-intense VEGF staining were more likely on univariate analysis to have 
distant recurrence. The risk of distant metastasis was 12% for VEGF-negative tumors 
compared with 43% for VEGF-positive tumors (relative risk: 4.62; p value 0.006). 
A multivariate analysis was not performed for distant metastasis. In summary, the 
presented data suggest that VEGF expression in oral cavity cancers is associated 
with a higher risk of nodal metastasis at presentation and an enhanced chance of 
tumor relapse after treatment; however, its relationship to distant metastasis is 
unclear in this setting. 


Eph Receptors and Ephrin Ligands 

Eph RTKs and their ligands, the ephrins, have emerged as important mediators of 
vascular remodeling during embryonic development and disease. This family, 
which consists of at least 16 receptors and nine ligands, is the largest family of 
RTKs (Heroult et al. 2006). One unique aspect of Eph receptors is that they interact 
with cell surface-bound ephrin ligands rather than soluble ligands. Ephrin ligands 
are attached to the cell membrane either through a glycosylphosphatidyl inositol 
(GPI) anchor or a transmembrane domain (Cheng et al. 2002). In general, GPI 
anchored-ephrin A ligands bind preferentially to EphA receptors, and transmem- 
brane anchored-ephrin B ligands bind to EphB receptors. However, within each 
(A or B) subclass, receptor-ligand interactions are highly promiscuous and in vivo 
interactions likely occur where a receptor and ligand of the same subclass are 
co-expressed. Another distinct feature of the Eph receptor-ligand interaction is the 
bi-directional signaling that can be propagated downstream of the Eph receptors as 
well as downstream of their ligands upon receptor-ligand association (Bruckner 
et al. 1997; Holland et al. 1996). Activation of both Eph receptors and ligands has 
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been shown to regulate integrin-dependent cell adhesion, resulting in changes in the 
actin cytoskeleton, cell attachment, and migration (Heroult et al. 2006). 

Although initially characterized in the central nervous system, recent studies 
have suggested key roles for the ephrins and their receptors in angiogenesis and 
vascular development during embryogenesis. Targeted disruption of ephrin B2, 
EphB2/EphB3 or EphB4 resulted in embryonic lethality due to defects in primary 
capillary network remodeling and subsequent patterning defects in the embryonic 
vasculatures (Adams et al. 1999; Gerety et al. 1999; Wang et al. 1998). More 
recently, the Eph receptors and ephrin ligands have been implicated in tumor 
growth, progression, and metastasis. The expressions of ephrin Al, ephrin B2, 
EphA2, and EphB2^1 are induced in several solid tumors (Heroult et al. 2006). 
Recent evidences have linked EphA2 and its ligand, ephrin Al, to tumor angiogenesis. 
Both molecules have been shown to be widely expressed in the tumor parenchyma 
and tumor endothelial cells (Ogawa et al. 2000). EphA2 deficient mice displayed 
less vascular remodeling in response to soluble ephrin Al-Fc ligand as well as 
impaired tumor angiogenesis in response to ephrin Al expressing tumors in xeno- 
grafts (Brantley-Sieders et al. 2004, 2005). Knocking down ephrin Al expression 
in metastatic mammary tumor cells resulted in less tumor-induced endothelial cell 
migration in vitro and microvascular density in vivo (Brantley-Sieders et al. 2006). 
Conversely, overexpression of ephrin Al in a nonmetastatic breast cancer cell line 
enhanced microvessel density and vascular recruitment with an associated increase 
in VEGF secretion. Knocking down ephrin Al expression by small interfering 
RNA resulted in significantly less lung metastasis in an orthotopic breast cancer 
model without affecting the tumor volume, invasion, and lung colonization (Brantley- 
Sieders et al. 2006). These data strongly implicate the role of EphA receptors and 
their ligands in solid tumor angiogenesis and metastasis. 

The regulation of these molecules is being elucidated. Expression of certain 
EphA receptors and Ephrin Al are induced by various growth factors and cytok- 
ines, including TNF-a, lipopolysaccharides (LPS), IL-ip, and VEGF (Cheng 
et al. 2002). Tumor hypoxia is a microenvironmental regulator of these molecules 
(Denko et al. 2003). In a mouse skin flap model of hypoxia, both ephrin Al and 
its receptor were induced in the hypoxic skin and the induction appeared to be 
modulated by HIF-la as small interfering RNA to HIF-la abrogated this hypoxic 
induction (Vihanto et al. 2005). In a gene array analysis, EphAl was found to be 
positively correlated with increasing necrosis in human glioblastomas and was 
found to be localized to the perinecrotic areas on immuhistochemical staining 
(Raza et al. 2004). We performed gene expression studies on several solid cancer 
cell lines, including HNC, and found that ephrin Al mRNA was highly induced 
by hypoxia (Denko et al. 2003). More importantly, we found that ephrin Al was 
one of the four hypoxia markers that could be used to stratify prognosis in a 
group of HNC patients (Le et al. 2007). A pattern of failure study suggested that 
strong ephrin Al staining was associated with a higher risk of distant metastasis 
(Fig. 14.7), but not with local or nodal relapse. Further work confirming this 
observation in a larger patient group is on going. 
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Fig. 14.7 Kaplan Meier curves showing freedom from distant metastasis by Ephrin Al staining 
intensity in 100 HNC patients 


In addition to ephrin Al, the only other family member of this group that has been 
studied in HNC is EphB4 (Masood et al. 2006). Its expression was found to be higher 
in HNC tumors compared with matched normal tissues and correlated directly with 
higher stage and nodal metastasis. Knocking down EphB4 expression with either 
siRNA or phosphorothioate-modified antisense oligonucleotides (AS-ODN) resulted 
in increased tumor cell apoptosis, decreased cell migration and invasion in vitro, and 
smaller tumor size in vivo. In addition, AS-ODN-treated tumors had significantly less 
microvessel density than controls, which were untreated tumors. Although the 
reported data on the ephrins and their receptors are intriguing, no reported study has 
specifically evaluated the expression of these markers in oral cavity cancers. 
Similarly, no studies have assessed their role in tumor progression and metastasis in 
oral cavity primaries. This exciting unexplored area is ready for further study as 
reagents are now becoming available. 


Conclusion 

In this chapter, we have summarized the role of hypoxia and angiogenesis in oral 
cavity cancer metastasis and identified potential targets for risk stratification as 
well as for therapeutic intervention. The major challenge is how to translate these 
findings into the clinical setting. For the first step, some of the novel tissue hypoxia 
markers for metastasis such as LOX and ephrin Al need to be validated in larger 
and more uniformly treated oral cavity cancer patients. Similar validation studies 
are also necessary for circulating markers such as OPN. Once confirmed, targeted 
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treatments will need to be generated and tested in new HNC animal models that 
resemble the actual oral cavity tumors in their natural environment rather than the 
current artificial xenograft system. Testing of these new leads from the laboratory 
will require well-conducted clinical trials with innovative designs that incorporate 
serial novel noninvasive surrogate endpoints such as molecular makers or imaging 
methods. As oncologists, our responsibility is to support these trials in order to 
decrease metastasis and to improve survival in our patients. 
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Chapter 15 

Cancer Stem Cells and Oral Cavity 
Cancer Metastasis 


Mark Prince 


Abstract Oral cavity squamous cell carcinoma is a common malignancy with 
a high propensity for the development of metastasis. Even early stage oral cav- 
ity tumors are frequently associated with metastasis to regional lymph nodes. 
Cancer stem cells have recently been isolated from head and neck squamous cell 
cancer and represent the critical population of cancer cells responsible for primary 
tumor growth. Cancer stem cells also likely represent the population of cancer 
cells responsible for resistance to therapy and regional and distant metastasis. The 
identification of this critical subpopulation of cancer cells will increase our ability 
to understand the mechanisms that which underlie the development of metastasis 
in head and neck cancer and holds promise for the development of new and more 
effective therapies for this devastating disease. 


Introduction 

Oral cavity cancer ranks as one of the ten most frequently diagnosed cancers in the 
world (Rodrigues et al. 1998), and the seventh most common cancer diagnosed in 
the United States (Jemal et al. 2004). After receiving standard therapy for their 
cancer, a subset of patients at each stage of disease develops cancer recurrence. 
Although nearly 90% of patients with stage I disease can be cured, nearly 10% will 
experience relapse and die from disease. For more advanced stages the proportion 
of patients whose disease relapses increases to 30% for stage II, 50% for stage III, 
and more than for 70% stage IV. These high failure rates occur in a large part due 
to the development of regional and distant metastatic disease. Progress in develop- 
ing effective treatments and preventive strategies for head and neck squamous cell 
carcinoma (HNSCC) has been limited by our current level of understanding regard- 
ing how this cancer arises and which cells are involved in its development, progres- 
sion and regional, and distant spread. 
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The identification of subpopulations of cancer cells within HNSCC that may be 
responsible for tumor repopulation, metastasis and the failure of cell death pathways 
represents a major advance towards the development of improved treatment and 
increasing survival rates for patients diagnosed with this devastating disease. 
Cancer stem cells, which have recently been identified in a number of different 
types of solid tumors, including HNSCC, may play a key role in the development 
of regional and distant metastasis and resistance to therapy. 

Metastasis of cancer cells from the primary tumor sites accounts for the majority 
of cancer mortality (Weigelt et al. 2005). Currently the role of cancer stem cells in 
the development of cancer metastasis is not well defined, although there are reasons 
to believe they may play a pivotal role (Croker and Allan 2008; Dalerba et al. 
2007a). Normal stem cells are known to have the capacity to migrate and establish 
themselves in new locations. In order to survive and grow in a particular site, the 
stem cell needs to be supported by a specific stem cell niche. This niche is critical 
to stem cell maintenance and to the production of more differentiated progenitor 
cells (Morrison and Spradling 2008). 

Similar to normal stem cells, cancer stem cells would be expected to require a 
specific niche in order to survive, multiply, and produce progenitor cancer cells. The 
exact mechanism by which normal stem cells are able to home to certain locations or 
tissue types is not yet fully understood but once more fully elucidated, may provide 
clues as to how cancer cells locate favorable sites in which to establish metastasis. 
The ability of circulating cancer cells to home to specific tissues and establish them- 
selves within a supportive niche is critical to the successful establishment of a metas- 
tasis. It is likely that many of the same mechanisms which directs normal stem cell 
migration and maintenance play a role in cancer stem cell metastasis. 


Stem Cells and Cancer Stem Cells 

It has long been recognized that solid tumors, including HNSCC, are histologically 
heterogeneous and contain multiple diverse cell types including tumor cells, stromal 
cells, and infiltrating inflammatory cells. It is known that cancers contain subpopulations 
of cancer cells that may resemble the developmental hierarchy of normal tissues from 
which the cancer develops. Until recently, the importance of cancer cell subpopulations 
to tumor growth and development has been poorly understood (Lobo et al. 2007). 
The identification of a small subpopulation of highly tumorigenic cancer cells, which 
appear to be solely responsible for cancer growth and maintenance, has stimulated great 
interest in cancer stem cells and the "cancer stem cell model" of carcinogenesis (Lobo 
et al. 2007; Reya et al. 2001; Al-Hajj et al. 2004; Cho and Clarke 2008). 

Adult stem cells have been identified in most human tissues, including bone 
marrow, brain, skin, gastrointestinal tract, liver, pancreas, lungs, breast, ovaries, 
prostate, and testis (Al-Hajj and Clarke 2004; Woodward et al. 2005; Li and Neaves 
2006; Mimeault and Batra 2006). Adult stem cells are multipotent cells with 
the capacity to self renew that produce differentiated cell lineages (Al-Hajj and 
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Clarke 2004; Mimeault and Batra 2006; Reya and Clevers 2005; Fuchs et al. 2004). 
The stem cell is supported by a specific stem cell niche, which at least in part 
directs the stem cells' behavior and is vital to stem cell maintenance (Li and Neaves 
2006; Mimeault and Batra 2006; Moore and Lemischka 2006). Interactions 
between the stem cells and their supporting cells occur through secreted factors and 
intercellular connections. The adult stem cells and their early progenitor cells 
perform the critical functions of tissue regeneration and repair. 

Recently an accumulating body of evidence indicates that adult stem cells or 
their early progenitor cells play a role in carcinogenesis (Dalerba et al. 2007a; 
Clarke and Fuller 2006; Pardal et al. 2003; Wicha et al. 2006). Genetic and epige- 
netic changes in adult stem cells or their early progenitor cells may result in cancer 
initiation (Al-Hajj and Clarke 2004; Mimeault and Batra 2006; Reya and Clevers 
2005; Bapat et al. 2005; Li et al. 2005; Kastan and Bartek 2004). These cells have 
been called cancer stem cells. A landmark study in human leukemia identified the 
leukemia initiating cells and stimulated further attempts to identify the cancer ini- 
tiating cells in other cancer types (Bonnet and Dick 1997). Subsequent work has 
isolated highly tumorigenic subpopulations of cells, designated as cancer stem 
cells, in many solid tumor types. This work was performed initially in breast cancer 
followed by investigations of tumors of the brain, head and neck, lung, pancreas, 
prostate, and colon (Al-Hajj et al. 2003; Chiba et al. 2006; Collins et al. 2005; 
Dalerba et al. 2007b; Li et al. 2007; O'Brien et al. 2007; Prince et al. 2007; Singh 
et al. 2003, 2004). Similarities between the characteristics of normal stem cells and 
cancer cells are intriguing and suggest these cells share common genetic and 
molecular pathways that regulate their behavior. 

According to the cancer stem cell theory of carcinogenesis, only the cancer stem 
cells have the ability to sustain cancer growth, and without cancer stem cells the 
cancer would stop growing and either remain quiescent or eventually regress. Three 
key characteristics define the cancer stem cell subpopulation (1) only a small por- 
tion of the cancer cells within a tumor have tumorigenic potential when transplanted 
into immune deficient mice, (2) the cancer stem cell subpopulation can be separated 
from the other cancer cells by distinctive cell surface markers, and (3) tumors 
resulting from the cancer stem cells contain the mixed tumorigenic and nontumori- 
genic cancer cells of the original tumor (Dalerba et al. 2007a). 

Using methods similar to those used to identify the cancer stem cells from breast 
cancer, a highly tumorigenic subpopulation of cancer cells was isolated from 
HNSCC. HNSCC cells with high expression of the cell surface marker CD44 (CD44+) 
were found to be highly tumorigenic (Fig. 15.1). As few as 2x 10 3 CD44+ HNSCC 
cells were able to generate new tumors when implanted into immunosuppressed 
mice. Additionally these cells could be passaged in an animal model and were 
capable of reproducing the original tumor heterogeneity. The CD44+ HNSCC cells 
have the characteristics that define the cancer stem cell subpopulation and represent 
only a small fraction of the total number of cells contained within the cancer 
(Prince et al. 2007). Cancer stem cells in HNSCC may have critical importance to 
our understanding of the development of regional and distant metastasis in this 
disease in addition to their importance in the primary tumor. 
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Increasing CD44 expression 

Fig. 15.1 Flourescence-activated cell sorting (FACS) plot shows a patient's head and neck 
squamous cell carcinoma sorted for CD44 expression using flow cytometry. The cells contained in 
the area on the right are the CD44 positive cells that contain the cancer stem cell subpopulation 


Cancer Stem Cells and Metastasis 


Metastasis is a multistage process that involves the escape of cancer cells from the 
primary neoplasm followed by their dissemination through lymphatic vessels or the 
systemic circulation. Under the correct conditions, cancer cells can form microme- 
tastases that develop into well-established cancer metastasis in distant tissues or 
organs. The steps required for a metastasis to become established in a new location 
include escape of cancer cells from the primary tumor with spread of the cells via 
the lymphatics or vascular channels and their survival in the circulation. This pro- 
cess is followed by adhesion and migration or extravasation of the cancer cells into 
the secondary tissue, and establishment the growth of a micrometastasis. Finally, 
the metastasis must establish a vascular supply which leads to the development of 
a macrometastasis (Pantel and Brakenhoff 2004; Chambers et al. 2002; MacDonald 
et al. 2002; Swartz and Skobe 2001 ; Woodhouse et al. 1997). The process of metas- 
tasis formation is remarkably similar to the migration and establishment of normal 
stem cells in new locations and suggests that the two processes may be related. 

Normal stem cells have the intrinsic ability to migrate to specific locations 
where they can become established if local conditions are favorable. Cancer stem 
cells would be expected to maintain this ability and may then, under the correct 
conditions, be capable of forming a metastasis. The nonstem cell cancer cells, 
which do not even have the capacity to maintain the primary tumor, are highly 
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unlikely to be the source of metastasis. The highly tumorigenic properties of the 
cancer stem cells suggest that they may be the critical population of cancer cells in 
the development of metastasis, just as they have been proven to be in primary tumor 
development and growth. The body of evidence supporting a role for cancer stem 
cells in the production of metastases is rapidly increasing. 

Given the difficulty in completing the multistep process required to produce a 
metastasis, it is not surprising that the formation of metastasis is a highly ineffi- 
cient process. Experimental studies have revealed that the early steps in the devel- 
opment of metastasis are efficient, with the majority of circulating cancer cells 
able to reach a secondary site. Only a small fraction of these cells, however, are 
able to create a micrometastasis, and an even smaller subset persist and are capable 
of developing into a macrometastasis (Pantel and Brakenhoff 2004; Luzzi et al. 
1998; Cameron et al. 2000; Chambers et al. 2001; Weiss 1992) . Despite the fact 
that many cancer patients have hundreds or thousands of circulating cancer cells 
detectable in their bloodstream, only a very small fraction progress to form a mac- 
roscopic metastasis. This suggests that only a tiny fraction of the circulating can- 
cer cells have an intrinsic metastatic potential, and that rarely do they manage to 
make their way to a location that can sustain their growth. This observation is 
consistent with the idea that only circulating cancer stem cells, which would make 
up a tiny proportion of the circulating cancer cells, have the potential to form 
macrometastasis (Fig. 15.2). 

Several characteristics of cancer stem cells make them likely candidates to 
occupy and thrive in foreign tissues. The cancer stem cells, unlike the remainder of 
the cancer cells, have the unique ability to initiate and sustain cancer growth. It has 
been known for years that just one cell can initiate a metastatic lesion (Fidler and 
Talmadge 1986). However, it has also been observed that even with immortalized 
cancer cell lines large numbers of cells (in the range of 10 6 ) need to be injected to 
initiate a tumor in experimental animals, and only a very few of these cells have the 
potential to produce a metastasis (Chambers et al. 2002; Luzzi et al. 1998; Welch 
1997). The stochastic theory of carcinogenesis predicts that every cancer cell has 
the potential to initiate a tumor but that very rare stochastic events control the pro- 
gression to tumorigenic growth. The hierarchal theory of carcinogenesis predicts 
that only a subset of cells within a cancer are capable of initiating tumorigenic 
growth, which is in keeping with the current level of knowledge regarding cancer 
stem cells. It is logical to hypothesize that the cancer stem cell subpopulation con- 
tains the only cancer cells that are capable of producing a metastasis. 

Researchers have begun to evaluate the cellular and molecular mechanisms that 
direct tissue specific metastasis. Results have shown that only a small subpopula- 
tion of breast cancer cells have a molecular profile that allows them to preferentially 
metastasize (Kang et al. 2003; Kang 2005; Minn et al. 2005; Kaplan et al. 2005). 
The molecular profile of tissue specific metastatic cancer cells can be distinguished 
from the overall molecular signatures of the cancer in general. It has not yet been 
determined if there is an overlap between the cancer stem cells and the population 
of cancer cells with a metastatic gene profile. 
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/V\, Secreted factors that prime the metastatic niche. 

Fig. 15.2 Cancer stem cells in metastasis model. Schematic diagram representing a proposed 
relationship between noncancer stem cell cancer cells, the cancer stem cells, and the cancer stem 
cells with metastatic potential. The cancer stem cells represent only a small proportion of the 
primary tumor mass and cancer stem cells with metastatic potential represent even smaller sub- 
population of the cancer stem cells, (a) The noncancer stem cell cancer cells may be detected in 
the circulation or lymphatics but are not capable of forming a metastasis, (b) Cancer stem cells 
without metastatic potential, although capable of reproducing the original tumor, are not able to 
produce a metastasis, (c, d) Cancer stem cells with metastatic potential in the circulation which 


1 5 Cancer Stem Cells and Oral Cavity Cancer Metastasis 


329 


The Cancer Stem Cell Niche and Metastasis 

The factors that determine the balance between dormancy and proliferation with the 
development of a metastasis at a secondary site are not yet well understood. The 
identification of cancer stem cells suggests that one possible reason that cancer 
metastasis develops so infrequently, despite the frequently large number of circulat- 
ing cancer cells, is that the majority of the cancer cells that escape into the circulation 
or lymphatics do not have the intrinsic ability to form a metastasis. It is highly likely 
that cancer stem cells or a subpopulation of cancer stem cells have the capacity to 
produce a metastasis, although this has yet to be proven. Even with this ability, 
however, if the cancer stem cell does not arrive in a location with a favorable sup- 
porting niche, a metastasis will not result and the cancer cells may remain quiescent 
or eventually die. The lack of a suitable niche or the lack of an intrinsic inability of 
the cancer cell to form a tumor might explain the observation of isolated cancer 
cells in remote locations that do not appear to result in metastasis. 

The importance of the stem cell niche is well recognized for normal stem cells 
(Fuchs et al. 2004; Watt and Hogan 2000). Similar to normal stem cells, local con- 
ditions, the "niche," can also be predicted to be of great importance to cancer stem 
cell maintenance and growth. At the primary cancer site, it is apparent that a favor- 
able cancer stem cell niche would exist, as this is the presumed normal location for 
the cells of origin of the cancer. At regional or distant metastatic sites, the cancer 
niche would either need to preexist or the cancer stem cells, the primary tumor, or 
accompanying supporting cells would need to act to create a favorable niche. It is 
possible that the niche is established by other cells prior to the arrival of the cancer 
stem cell. This effect might be regulated through circulating growth factors, cytok- 
ines, or hormones or by other noncancer stem cells that could prepare the location 
for the metastatic cancer stem cell. This is an area that requires a great deal of 
additional study. 

The need for a specific niche to support normal stem cells was first suggested 
almost 30 years ago (Schofield 1978). Significant increases in our understanding of 
the structure and function of the stem cell niche have been made in the Drosophila 
model. For example, the BMP pathway and Jak-Stat pathways have been identified 
as critical signaling molecules that regulate self renewal in Drosophila germ line 
stem cells that are derived form the stem cell niche (Kiger et al. 2001; Song et al. 
2004; Tulina and Matunis 2001; Morrison and Kimble 2006). These molecular 
pathways and others related to the normal stem cell maintenance and the stem cell 
niche, including the WNT and Notch signaling pathways, may be critical to cancer 
stem cells and to the development of metastasis (Lobo et al. 2007; Katoh and Katoh 
2007; Gil et al. 2005). If confirmed, these pathways and others could prove to be 

■< 

Fig. 15.2 (continued) do not establish themselves within a suitable niche cannot form metastasis. 
Cancer stem cells with metastatic potential not supported by a suitable niche may eventually die, 
may remain quiescent or may become active if the correct stimuli become available, (e) Cancer 
stem cells with metastatic potential that establish themselves in a secondary tissue with a suitable 
niche and under the influence of secreted stimulating factors can produce a metastasis 
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useful therapeutic targets to prevent the development of metastasis or eliminate 
them once they have been formed. 

The stem cell niches for bone marrow, testis, intestine, and the neural system 
have been studied in mammals (Scadden 2006). Although stem cell niches vary 
from tissue to tissue, certain key factors seem to be conserved and as a result are 
potentially important in both normal and malignant stem cells. BMPs are an example 
of an important regulator of stem cell differentiation in mammals. They promote 
the differentiation of stem cells and are inhibited by Gremlin 1, a secreted antagonist 
of the BMP pathway. Interestingly Gremlin 1 has been found to be overexpressed 
by tumor stromal cells derived from basal cell cancer, but not in those derived from 
normal skin. BMP inhibits proliferation of basal cell cancer cells in culture, 
whereas Gremlin 1 enhances it (Sneddon et al. 2006). This finding reveals the 
importance of factors secreted by the niche to the tumor microenvironment. 
Secreted factors derived from the cancer stem cell niche would be expected to 
favorably prime the surrounding tissue to encourage the development of cancer 
metastasis. Interference with these exocrine signals could provide a novel method 
by which the successful implantation and growth of cancer stem cells at distant 
sites might be prevented. 

The recruitment of circulating cancer cells at specific sites and metastasis forma- 
tion may be influenced by the local dynamic microenvironment, including micro- 
vasculature endothelial cells, stromal fibroblasts, and osteoblasts that secrete 
soluble factors including chemokines. Kaplan et al provided major clues regarding 
the relationship of niche formation and metastasis development (Kaplan et al. 
2005). In work that evaluated melanoma and lung cancer cells, bone marrow 
derived cells were found to be directed to future sites of metastasis prior to the 
arrival of cancer cells. This effect was found to be regulated by secreted factors 
contained in the cancer cell conditioned media. Removing the premetastasis niche 
factors almost completely eliminated the development of metastasis. This indicates 
the importance of the niche and provides evidence that interference with the prepa- 
ration of the premetastasis cancer niche can inhibit the development of metastasis. 
If the specific factors that enable the development of metastasis in HNSCC can be 
identified, then this could lead to powerful new therapies to prevent the develop- 
ment of metastasis. 

The fibroblasts associated with oral cavity cancer have been shown to be bio- 
logically distinct from normal fibroblasts (Liu et al. 2006). These fibroblasts have 
a specific and unique supporting function related to the cancer cells. Specialized 
supporting cells are also required in the normal stem cell niche and probably exist 
at metastatic sites, as an important part of the cancer stem cell niche, to support the 
development of a metastasis. Further study needs to be performed to see if biologic 
differences are evident in the supporting tissues associated with metastatic deposits 
when compared to normal tissue in the same organ. It can be anticipated that similar 
to the establishment and maintenance of normal stem cells in secondary tissues, the 
cancer stem cell niche, including supporting cells, will be a critical factor to the 
successful establishment of metastasis in cancer. 
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There is growing evidence that the primary tumor influences the development of 
metastasis by the secretion of various soluble cytokines and proteins that induce the 
formation of favorable conditions at potential sites of regional and distant metasta- 
sis. The release of the chemokine SDF-1 can contribute to the recruitment of circu- 
lating tumor cells that express the CXCR4 receptor to the specific metastatic site 
including lymph nodes and basement membrane (Kaplan et al. 2005; Kalluri and 
Zeisberg 2006; Balkwill 2004; Kucia et al. 2005; Engl et al. 2006). The preferential 
migration of CXCR4 positive prostate, breast, and small cell lung cancer cells to 
the microvasculature basement membrane and cancer cell adhesion to the extracel- 
lular matrix involves the SDF1-CXCR4 axis. Inhibition of prostate cancer cells 
movement towards the basement membrane by anti-CXCR4 antibody or the SDF1 
inhibitor T140 supports the importance of the SDF1-CXCR4 axis to cancer cell 
migration (Engl et al. 2006; Hart et al. 2005). 

Further study of CXCR4 indicates its critical role in cancer metastasis. Work 
with pancreatic cancer stem cells suggests that only a small subpopulation of all the 
cancer stem cells have metastatic potential, although all the pancreatic cancer stem 
cells retain the capacity to form primary tumors. Only CXCR4 positive pancreatic 
cancer stem cells are capable of producing both primary tumors and metastasis, 
whereas the other cancer stem cells are not able to reliably produce metastasis 
(Hermann et al. 2007). This is the first evidence that a subpopulation of cancer stem 
cells play a pivotal role in the development of cancer metastasis and that CXCR4 
expression can be used to identify and select the cancer stem cells with metastatic 
potential from the other cancer stem cells. The role of CXCR4 expression in 
HNSCC cancer stem cells and metastasis is not yet known. 

It is well established that certain types of cancers have organ specific preferences 
for metastatic growth. In the past, blood flow patterns were theorized to account for 
the pattern of metastasis development and a route for delivery of cancer cells 
(Chambers et al. 2002). A number of theories have challenged this hypothesis and 
propose that additional cellular and molecular level processes are required for cancer 
cells to home to and grow in their favored metastatic sites. The most important of 
these theories is the "seed and soil" theory of metastasis that proposes that cancer 
cells can only thrive in secondary sites that have the appropriate growth factors nec- 
essary for the particular type of cell (Hart 1982; Fidler 2001; Phadke et al. 2006). In 
addition to sustaining growth of metastatic cancer cells, the tissue microenvironment 
can also lead to dormancy through suppression of angiogenesis and alterations of 
growth-related signaling pathways (Holmgren et al. 1995; Hedley et al. 2006; Allan 
et al. 2006; El Saghir et al. 2005; Folkman 2002; Schirrmacher 2001). 

Multiple events need to occur for a metastasis to successfully develop. A cancer 
stem cell with metastatic potential must leave the primary tumor, locate a secondary 
site with the correct cancer stem cell niche present, and settle there, and the neces- 
sary stimulating secreted factors must be present for a macrometastasis to develop 
(Fig. 15.2). It is vital that the role of cancer stem cells, the cancer stem cell niche, 
and secreted factors in the development of metastasis be clarified in order for us to 
develop effective strategies to prevent and treat metastasis. 
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Therapeutic Implications 

The identification of cancer stem cells has required a change in our approach to 
cancer treatment and the evaluation of the efficacy of our therapies. Previously 
experimental assays and clinical evaluations of response to treatment have relied on 
measures of tumor shrinkage. Because the cancer stem cells make up only a small 
proportion of the cancer mass, even a large reduction in tumor size may not indicate 
eradication of the cancer stem cells, and failure to completely eliminate the cancer 
stem cells may result in tumor recurrence. 

As the role of cancer stem cells and the cancer stem cell niche become more 
completely understood, new therapeutic options to prevent or eliminate metastasis 
will be developed. Directing therapy specifically against cancer stem cells has the 
potential to eradicate primary tumors and any metastasis that may be present. This 
treatment approach has the added challenge of identifying therapeutic agents that 
will target the cancer stem cells but not adversely affect normal stem cells. 
Understanding the niche that is required for metastasis to become established and 
to grow will enable us to design therapies which will target the cancer niche and 
eliminate the critical supporting role that it plays for metastatic cancer cells. As a 
preventative measure, developing drugs to block the secretion of factors by the 
primary tumor that "prime" a distant site for implantation may represent a strategy 
to prevent metastasis from arising. 


Conclusions 

The identification and characterization of cancer stem cells suggests that these cells 
may also be responsible for the development of metastasis. Because oral cavity 
cancers have a high propensity for metastasis, it is possible that tumors arising in 
this location have a high proportion of cancer stem cells that are capable of forming 
a metastasis by entering the lymphatics or circulation from this location and travel- 
ing to a location that is favorable for their establishment and growth. Through further 
research in this area, it is anticipated that we will better understand the role of head 
and neck cancer stem cells, secreted factors, and supporting cells of the stem cell 
niche in the development of oral cancer metastasis, and this will have a direct 
benefit to patients suffering from this disease. 

Acknowledgment Victoria Prince for help in creating the Metastasis Model figure. 
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